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ABSTRACT 
The t h e o r e t i c a l  s t u d i e s  c a r r i e d  o u t  d u r i n g  t h i s  program were 
concerned with t h e  a n a l y s i s  of a n  i d e a l i z e d  combustion model i n  which, 
i n  a d d i t i o n  t o  s u r f a c e  p y r o l y s i s  and gas-phase chemical r e a c t i o n s ,  
exothermic or endothermic r e a c t i o n s  are  permi t ted  a t  or very near  t h e  
so l id-gas  i n t e r f a c e  and are therefore  coupled with t h e  thermal response 
of t h e  s o l i d .  These surface-coupled r e a c t i o n s  a r e  assumed t o  occur  
i n  a zone of n e g l i g i b l e  t h i c k n e s s ,  r e l a t i v e  t o  t h e  p e n e t r a t i o n  depth 
of t h e  thermal p r o f i l e ,  so t h a t  the a s s o c i a t e d  hea t  r e l e a s e  can be 
treated as a boundary c o n d i t i o n  on t h e  s o l i d  phase.  The r e s u l t s  o f  
t h e  a n a l y s i s  of t h e  model show t h a t  a r e l a t i v e l y  small propor t ion  
of surface-coupled hea t  r e l e a s e  ( e . g . ,  10 p e r c e n t )  has  a profound 
e f fec t  on t h e  burn ing  rate response t o  environmental  p r e s s u r e  changes. 
D i f f e r e n t i a l  thermal a n a l y s i s  measurements have shown t h a t  ammonium 
p e r c h l o r a t e  composite p r o p e l l a n t s  have a much g r e a t e r  surface-coupled 
h e a t  release t h a n  do potassium perchlora te  p r o p e l l a n t s .  Lower def lag-  
r a t i o n  l i m i t  s t u d i e s  have shown t h a t  t h e  p i s  much h igher  f o r  potassium 
p e r c h l o r a t e  p r o p e l l a n t s  than  f o r  ammonium p e r c h l o r a t e  p r o p e l l a n t s ,  
r e f l e c t i n g  one consequence of t h e  lower surface-coupled hea t  release. 
DL 
Adiaba t ic  s e l f - h e a t i n g  measurements, which e s t a b l i s h  t h e  o v e r a l l  
a c t i v a t i o n  energy of t h e  s u r f a c e  processes ,  have shown t h a t  t h e  o x i d i z e r  
s i z e  d i s t r i b u t i o n  and t h e  i n c l u s i o n  of a d d i t i v e s  such as aluminum 
have a s t r o n g  effect  on t h e  a c t i v a t i o n  energy.  This  r e s u l t  i m p l i e s  an  
u l t i m a t e  e f f e c t  on t h e  p r o p o r t i o n  of surface-coupled h e a t  r e l e a s e  which 
may be h ighly  s i g n i f i c a n t .  
F iber -opt ic  s t u d i e s  of t h e  combustion zone m i c r o s t r u c t u r e  c l e a r l y  
i n d i c a t e  t h e  e x i s t e n c e  of important h e a t - r e l e a s e  phenomena i n  t h e  
v i c i n i t y  of t h e  s u r f a c e .  Aluminum p a r t i c l e s  were observed t o  i g n i t e  
and p a r t i a l l y  burn  i n  t h e  low temperature r e g i o n  a t  t h e  s u r f a c e ,  implying 
t h a t  t h e  i g n i t i o n  must be induced by i n t e r m e d i a t e  products  of t h e  
p e r c h l o r a t e  decomposition process .  
V 
The depres su r i za t ion  s t u d i e s  c a r r i e d  out  du r ing  t h e  program i n -  
d i c a t e d  tha t  e x t i n c t i o n  could  be ob ta ined  a t  p r e s s u r e s  a n  o r d e r  of 
magnitude above t h e  lower d e f l a g r a t i o n  l i m i t  f o r  a s u f f i c i e n t l y  large 
d e p r e s s u r i z a t i o n  ra te .  However, l i t t l e  informat ion  about  t h e  t r a n s i e n t  
burn ing  r a t e  response could be obta ined  from t h e  pressure-time h i s t o r y  
of t h e  d e p r e s s u r i z a t i o n  even t .  For t h i s  reason ,  p r e s s u r i z a t i o n  ex- 
per iments  i n  a small-volume burne r  were i n i t i a t e d  t o  provide a check 
on t h e  nonl inear  p r e d i c t i o n s  of t h e  combustion model. T h i s  work i s  
be ing  continued under a follow-on c o n t r a c t .  
v i  
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INTRODUCTION 
I n  r e c e n t  y e a r s ,  numerous s t u d i e s  have been conducted on s o l i d  
p r o p e l l a n t  combust i o n  te rmina t  i o n  by r a p i d  d e p r e s s u r i z a t i o n  of t h e  
combustion chamber.’,’ 
e m p i r i c a l  approach, and a major e f f o r t  h a s  been directed toward c o r r e l -  
a t i n g  e x t i n c t i o n  behavior  w i t h  a s i n g l e  c r i t i c a l  parameter (such as 
dp/d t )  . Such c o r r e l a t i o n s  gene ra l ly  have completely neglec ted  r e a l  
gas-dynamical p rocesses  i n  t h e  chamber; moreover, i t  has been customary 
t o  c h a r a c t e r i z e  p r o p e l l a n t s  i n  terms of a s i n g l e  parameter,  u s u a l l y  
t h e  burn ing  ra te .  
Most of these  s t u d i e s  have been based on an 
I n v e s t i g a t i o n s  a t  S tan fo rd  Research I n s t i t u t e  as  w e l l  a s  a t  o t h e r  
l a b ~ r a t o r i e s , ~  , 4  9’ however, have demonstrated t h a t  t h e  chemical and phys i -  
ca l  composition of t h e  p rope l l an t  i s  a n  extremely important f a c t o r  i n  
t he  response  of t h e  combustion mechanism t o  p res su re  d i s tu rbances .  For 
example, two p r o p e l l a n t s  w i t h  t h e  same burn ing  rate but  d i f f e r i n g  com- 
p o s i t i o n s  u s u a l l y  respond q u i t e  d i f f e r e n t l y  t o  a p res su re  p e r t u r b a t i o n .  
The response  is s t r o n g l y  in f luenced  by the  r e l a t i v e  magnitudes of t h e  
v a r i o u s  r e l a x a t i o n  t i m e s  t h a t  c h a r a c t e r i z e  thermal and chemical p rocesses  
comprising t h e  combustion mechanism, and these r e l a x a t i o n  times are 
l a r g e l y  determined by compositional f a c t o r s .  Thus , t h e  purely e m p i r i c a l  
approach t o  combustion e x t i n c t  ion  problems i s  i n h e r e n t l y  of l i m i t e d  
p o t e n t i a l  u s e f u l n e s s .  A g r e a t l y  improved unders tanding  of t h e  t r a n s i e n t  
behavior  of s o l i d  p r o p e l l a n t  combustion p rocesses  i s  a p r e r e q u i s i t e  f o r  
a f u l l y  s a t i s f a c t o r y  exp lana t ion  of combustion e x t i n c t i o n  behavior .  I t  
was t h e  o b j e c t i v e  of t h e  p re sen t  i n v e s t i g a t i o n  t o  o b t a i n  in fo rma t ion  
needed t o  f u l f i l l  t h i s  p r e r e q u i s i t e .  
T h e o r e t i c a l  s t u d i e s  du r ing  t h i s  program have been d i r e c t e d  toward 
t h e  development of a n  adequate model of t r a n s i e n t  combustion. P a r a l l e l  
exper imenta l  s t u d i e s  provided e s s e n t i a l  i n s i g h t  and guidance f o r  t h e  
t h e o r e t i c a l  e f f o r t  , as  w e l l  a s  t e s t s  of t h e  t h e o r e t i c a l  p r e d i c t  ions.  
T h e o r e t i c a l  and experimental  developments d u r i n g  t h e  e n t i r e  program are 
summarized i n  t h i s  r e p o r t .  
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THEORETICAL STUDIES 
Severa l  s e r i o u s  shortcomings i n  t h e  a v a i l a b l e  t h e o r e t i c a l  t r ea tmen t s  
of s o l i d  p rope l l an t  combustion extinguishment were r evea led  by a 
l i t e r a t u r e  review a t  t h e  o u t s e t  of t h i s  program. I n  p a r t i c u l a r ,  i n  
t h e s e  t r e a t m e n t s  t h e  t i m e  r e q u i r e d  f o r  r e l a x a t i o n  of temperature 
p r o f i l e  i n  t h e  g r a i n  fo l lowing  a sudden change i n  hea t  f l u x  w a s  neg- 
l e c t e d ;  an e m p i r i c a l ,  s t e a d y - s t a t e  burning r a t e  law w a s  used t o  re la te  
bu rn ing  rate and p res su re  du r ing  t r a n s i e n t s ,  and t h e  p r o p e l l a n t  su r f ace  
tempera ture  w a s  assumed cons t an t .  The consequences of t h e s e  assumptions 
were d i scussed  i n  some d e t a i l  i n  an e a r l i e r  r epor t . 6  I t  was shown 
t h a t  such assumptions l e a d  t o  a quas i - s teady  combustion model t h a t  
is of ques t ionab le  va lue  i n  d e a l i n g  wi th  the  h igh ly  t r a n s i e n t  ex t ing -  
uishment process .  
The o b j e c t i v e  of t h e  t h e o r e t i c a l  s t u d i e s  performed d u r i n g  t h e  
program was t o  overcome t h e  most c r i t i c a l  l i m i t a t i o n s  of e a r l i e r  
t r e a t m e n t s  by t a k i n g  a more fundamental approach t o  the  problem. I t  
w a s  recognized t h a t  a meaningful t h e o r e t i c a l  a n a l y s i s  of t r a n s i e n t  
p r o p e l l a n t  combustion would have t o  cons ide r  surface-coupled r e a c t i o n s  
a s  w e l l  a s  r e l a x a t i o n  phenomena, both of which were ignored i n  ea r l i e r  
t r e a t m e n t s .  The t r a n s i e n t  combustion model subsequent ly  , 
r e p r e s e n t s  an  e f f o r t  t o  i nc lude  these  f e a t u r e s  i n  a reasonably  r e a l i s t i c  
manner t h a t  i s  s t i l l  mathematically t r a c t i b l e .  A r e l a t i v e l y  simple 
mathematical  a n a l y s i s  of t h e  model, employing s u i t a b l e  s i m p l i f y i n g  
assumpt ions ,  served t o  emphasize and i n t e r p r e t  q u a l i t a t i v e l y  t h e  phys ica l  
p rocesses  t h a t  are impor tan t  dur ing  t r a n s i e n t  modes of combustion.6 9' 
Later ,  a more s o p h i s t i c a t e d  and more r i g o r o u s  mathematical t r ea tmen t  
was presented .  This  a n a l y s i s  confirmed e a r l i e r  genera l  conclus ions  
and provided a much more complete d e s c r i p t i o n  of c e r t a i n  a s p e c t s  of 
t h e  t r a n s i e n t  combustion behav io r ,  e s p e c i a l l y  i n  r e l a t i o n  t o  t h e  frequency 
response .  
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The t h e o r e t i c a l  i n v e s t i g a t i o n  performed d u r i n g  t h e  program has  
e s t a b l i s h e d  a d i r e c t  r e l a t i o n s h i p  between the  combustion extinguishment 
response  and t h e  combustion s t a b i l i t y  c h a r a c t e r i s t i c s  of a s o l i d  
p rope l l an t .  I n  a d d i t i o n ,  i t  h a s  been shown t h a t  t h e  t r a n s i e n t  response 
of t h e  combustion mechanism i s  s t r o n g l y  inf luenced  by t h e  d i s t r i b u t i o n  
of energy r e l e a s e  between r e a c t i o n s  i n  t h e  gas phase and those  t h a t  
a r e  thermal ly  coupled e f f e c t i v e l y  t o  t h e  s o l i d  phase. The theo ry  
i n d i c a t e s  t h a t  when even a very s m a l l  f r a c t i o n  of t h e  t o t a l  energy 
release occurs i n  surface-coupled r e a c t i o n s ,  t h e  l i k e l i h o o d  of uns t ab le  
combustion and a l s o  of d i f f i c u l t  ex t inguishment ,  poss ib ly  accompanied 
by "chuffing, '' is g r e a t l y  enhanced. 
appea r s  t o  be c o n s i s t e n t  wi th  exper imenta l  obse rva t ions .  
Th i s  t h e o r e t i c a l  conclus ion  
Theore t i ca l  s t u d i e s  performed d u r i n g  t h i s  program a r e  summarized 
i n  d e t a i l  i n  t h e  appendices t o  t h i s  r e p o r t .  The combustion model 
i s  developed (Appendix A), and both a n  approximate p e r t u r b a t i o n  a n a l y s i s  
of t h e  model (Appendix B) and a more r i g o r o u s  t r ea tmen t  (Appendix C) 
a r e  presented .  Together ,  t h e s e  a n a l y s e s  show the  r e l a t i o n s h i p  between 
extinguishment response and t h e  combustion s t a b i l i t y  c r i t e r i o n  f o r  
a p rope l l an t .  Because of t h i s  r e l a t i o n s h i p ,  some t h e o r e t i c a l  cons idera-  
t i o n  of combustion i n s t a b i l i t y  phenomena became e s s e n t i a l  du r ing  t h e  
program, although t h e  ch ie f  concern of t h e  i n v e s t i g a t i o n  w a s  combustion 
extinguishment.  Thus, t h e  t r ea tmen t  i n  Appendix C s e r v e s  p r i m a r i l y  t o  
d e f i n e  w i t h  g r e a t e r  p r e c i s i o n  t h e  p r o p e l l a n t  combustion s t a b i l i t y  
c h a r a c t e r i s t i c s  t h a t  u l t i m a t e l y  i n f l u e n c e  extinguishment behavior .  A 
modified combustion model, designed f o r  use i n  n o n l i n e a r  computer 
s t u d i e s ,  appears i n  Appendix D.  
The Combustion Model 
Because  t h e  mathematical  d e t a i l s  of t h e  combustion model formulated 
du r ing  t h i s  i n v e s t i g a t i o n  are presented  i n  Appendix A ,  t h i s  d i s c u s s i o n  
w i l l  be confined t o  a b r i e f  c o n s i d e r a t i o n  of t h e  unique f e a t u r e s  of 
t h i s  model and of t he  concepts  unde r ly ing  those  f e a t u r e s .  
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AS h a s  been mentioned, t h e  most s i g n i f i c a n t  d i f f e r e n c e  between 
t h e  formula t ion  above and o t h e r  combustion models'," l i e s  i n  t h e  method 
of account ing  f o r  s u r f a c e  reactions.  I t  h a s  been t h e  usua l  p r a c t i c e  
i n  v i r t u a l l y  a l l  o t h e r  r e l a t e d  t h e o r i e s  t o  employ what may be d e s c r i b e d  
as a one-step", d e s c r i p t i o n  of surface k i n e t i c s .  S p e c i f i c a l l y ,  t h e  
q u a n t i t i e s  Q and Q r e p r e s e n t i n g  the surface-coupled h e a t  release 
(Eqs. A4 and A5), have been assumed t o  be p r o p o r t i o n a l  t o  the  burn ing  
r a t e ,  r ,  a lone .  If one fo l lows  t h i s  procedure,  t h e  Arrhenius  temperature  
dependence of t h e  l a s t  two terms i n  Eq. A10 vanishes .  T h i s  general  
approach has  been used a t  SRI t o  descr ibe  double-base p r o p e l l a n t s  o n l y ,  
by l e t t i n g  E = E = 0 i n  E q .  A 1 0 .  Such a t rea tment  l e a d s  t o  r e s u l t s  
i n  agreement with double-base experiments.' However, i t  i s  f e l t  t h a t  
t h e  more complex "two-step" d e s c r i p t i o n  of  Eq. A10, i n  which t h e  sur face-  
coupled hea t  release i s  propor t iona l  t o  both r and a n  Arrhenius f a c t o r ,  
i s  necessary  f o r  composite p r o p e l l a n t s ;  t he  experimental  r e s u l t s  t e n d  
t o  confirm t h i s  assumption." A physical  i n t e r p r e t a t i o n  of t h i s  d e s c r i p t i o n  
of t h e  s u r f a c e  r e a c t i o n  process  i n  composite and double-base p r o p e l l a n t s ,  
r e s p e c t i v e l y ,  w i l l  c l a r i f y  t h e  reasoning t h a t  led t o  t h e  k i n e t i c s  des-  
c r i p t i o n  incorpora ted  i n  Eq. A10. 
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For t h i s  a n a l y s i s ,  surface-coupled r e a c t i o n s  a r e  def ined  a s  r e a c t i o n s  
t h a t  occur w i t h i n  a narrow zone i n  the immediate v i c i n i t y  of t h e  gas- 
s o l i d  i n t e r f a c e  and tend  t o  fo l low the s u r f a c e  temperature  v a r i a t i o n s ,  
r a t h e r  than  temperature  v a r i a t i o n s  r e l a t i v e l y  f a r  out i n  t h e  gas-phase 
f lame,  d u r i n g  t r a n s i e n t  opera t ion .  Gas-phase r e a c t i o n s  very near  t h e  
s u r f a c e ,  as  w e l l  a s  sol id-phase r e a c t i o n s ,  may be thermal ly  coupled 
t o  t h e  s u r f a c e .  For composite p r o p e l l a n t s ,  t h e  s u r f a c e  r e a c t i o n  zone 
may be envis ioned  as encompassing, f i r s t ,  p y r o l y s i s  of t he  p r o p e l l a n t  
(descr ibed  by Eq. A2), and subsequent ly ,  surface-coupled r e a c t i o n s  
among t h e  p y r o l y s i s  products .  
I t  fo l lows  t h a t  t h e  a c t i v a t i o n  e n e r g i e s  E and ED a s s o c i a t e d  wi th  H 
Eqs. A 8  and A 9  r e p r e s e n t  a n  o v e r a l l  d e s c r i p t i o n  of a complicated sequence 
of  e v e n t s ,  which may inc lude  mixing between t h e  v a r i o u s  macroscopic 
c o n s t i t u e n t s  of t h e  composite p r o p e l l a n t ,  as  w e l l  a s  r e a c t i o n  s t e p s .  
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In  c o n t r a s t ,  w i t h  a double-base p rope l l an t  there i s  no r eason  t o  d i s -  
t i n g u i s h  surface-coupled e n e r g e t i c  r e a c t i o n s  from p y r o l y s i s  r e a c t i o n s ,  
because the c o n s t i t u e n t s  are in te rmixed  on a molecular scale. Thus, 
t h e  py ro lys i s  and o t h e r  r e a c t i o n s  may be cons ide red  as a s i n g l e  
sequence, w i t h  a s i n g l e  a c t i v a t i o n  ene rgy ,  E ,  c h a r a c t e r i z i n g  t h e  rate- 
c o n t r o l l i n g  s t e p ,  and wi th  E = E = 0 .  A p o s s i b l e  excep t ion  might 
occur wi th  heterogeneous r e a c t i o n s ,  which could  c a l l  f o r  a very small 
va lue  of EH a s s o c i a t e d  with molecular mixing between gas-phase con- 
s t i t u e n t s  and p y r o l y s i s  products .  
H D  
I n  summary, acco rd ing  t o  t h i s  i n t e r p r e t a t i o n ,  a composite p r o p e l l a n t  
gene ra l ly  corresponds t o  E > 0 and/or E > 0 ,  whereas f o r  a t y p i c a l  
H D 
double-base p r o p e l l a n t ,  E = E = 0 .  I t  fo l lows  from t h e  SRI theo rye , ”  
t h a t  exothermic surface-coupled r e a c t i o n s  tend  t o  d e s t a b i l i z e  composite 
p r o p e l l a n t s  (by i n c r e a s i n g  t h e  response ampl i tude ) ,  w h i l e  t h e y  t end  t o  
s t a b i l i z e  double-base p r o p e l l a n t s  (see Appendix C ) .  T h i s  ra ther  re- 
markable t h e o r e t i c a l  conc lus ion  may e x p l a i n  t h e  prev ious  exper imenta l  
observa t ion  t h a t  t h e  s t a b l e  burn ing  regimes of composite and double- 
base p r o p e l l a n t s  are reversed .”  I t  i s  important t o  recognize  t h a t  
t h e  p o s s i b i l i t y  of a d e s t a b i l i z i n g  e f f e c t  a s s o c i a t e d  w i t h  surface-coupled 
exotherms does not a r i s e  u n l e s s  t h e r e  i s  a d e p a r t u r e  from t h e  s i n g l e -  
s t ep  d e s c r i p t i o n  of t h e  s u r f a c e  k i n e t i c s  ( i . e , ,  EH - EH = 0 ) .  
e a r l i e r  t r ea tmen t s  have employed only  t h e  s i n g l e - s t e p  d e s c r i p t i o n ,  
t h e y  have not  p r e d i c t e d  t h i s  e f f e c t .  
H D  
- Because 
I t  is e v i d e n t  from t h e  fo rego ing  d i s c u s s i o n  t h a t  t h e  method of 
i n c o r p o r a t i n g  s u r f a c e  r e a c t i o n s  i n  t h e  combustion model i s  a c r u c i a l  
f a c t o r  ; it i s  important t h e r e f  o r e ,  t o  f i n d  a demanding exper imenta l  
t es t  of the k i n e t i c s  t r ea tmen t .  O f  a l l  t r a n s i e n t  combustion phenomena, 
combustion i n s t a b i l i t y  h a s  r ece ived  t h e  greatest exper imenta l  a t t e n t i o n .  
I n s t a b i l i t y  r e s u l t s  a f f o r d  a means of checking  t h e  s u r f a c e  k i n e t i c s  
t rea tment  i n  t h e  combustion model, f o r  t o  be a v a l i d  r e p r e s e n t a t i o n  
of e x t i n c t i o n  behav io r ,  t h e  model must be  c o n s i s t e n t  w i t h  t h e  d a t a .  
Accordingly, d e t a i l e d  comparisons were made between t h e  model developed 
d u r i n g  t h i s  s tudy  and i n s t a b i l i t y  d a t a .  
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A l l  experimental  r e s u l t s  obtained i n  our l a b o r a t o r p  , l l a s s o c i a t e  
s u r f a c e  exotherms wi th  i n s t a b i l i t y  i n  composite p r o p e l l a n t s .  E a r l i e r  
a n a l y s e s  based on s impler  k i n e t i c s  d e s c r i p t i o n s  p r e d i c t  t h e  oppos i t e  
behav io r ,  whereas the  p re sen t  t rea tment  i s  c o n s i s t e n t  wi th  t h e  obser- 
v a t i o n s .  Add i t iona l  support  comes from t h e  fo l lowing  c o n s i d e r a t i o n s :  
(1)  The resonance ampl i tudes  and f r equenc ie s  i n d i c a t e d  by t h e  theo ry  
are  i n  agreement with exper imenta l  observa t ions i20f  t y p i c a l  p r o p e l l a n t s ,  
w i t h i n  t h e  accuracy of experiment o r  t h e o r y ;  (2)  observed s h i f t s  i n  
t h e  resonance curves  and o t h e r  s t r i k i n g  consequences of composition 
a l t e r a t i o n s  are a l s o  a n t i c i p a t e d  wi th in  t h e  con tex t  of t h e  t h e o r y ;  
and (3) t h e  a n a l y s i s  sugges t s  a p l a u s i b l e  exp lana t ion  f o r  t h e  r a t h e r  
s t r i k i n g  d i f f e r e n c e s  i n  t h e  behavior of composite and double-base 
p r o p e l l a n t s .  These f a c t o r s  s t rong ly  sugges t  t h a t  a n  approach similar 
t o  t h a t  employed i n  the  p re sen t  i n v e s t i g a t i o n  i s  necessary  f o r  an  
accep tab le  r e p r e s e n t a t i o n  of t h e  combustion mechanism. 
The Role of t h e  P res su re  Gradient i n  Combustion E x t i n c t i o n  
I n  prev ious  i n v e s t i g a t i o n s  of combustion e x t i n c t i o n , '  an  e f f o r t  
w a s  made t o  c o r r e l a t e  e x t i n c t i o n  da ta  i n  terms of t h e  p re s su re  g rad ien t  
imposed on t h e  p r o p e l l a n t .  E s s e n t i a l l y  i d e n t i c a l  a n a l y s e s  of t h e  
response of a burn ing  s o l i d  p rope l l an t  t o  a p re s su re  decay, developed 
independent ly  by G .  von Elbe" and i n v e s t i g a t o r s  a t  Aerojet-General 
Corpora t ion , '  provided t h e  t h e o r e t i c a l  b a s i s  for t h i s  approach. These 
a n a l y s e s  l e d  t o  t h e  fo l lowing  c r i t e r i o n  f o r  e x t i n c t i o n :  
Although exper iments  have demonstrated t h a t  t h e  p r e s s u r e  g rad ien t  has  
a n  impor tan t  e f f e c t  on combustion e x t i n c t i o n ,  a t t e m p t s  t o  c o r r e l a t e  
t h e  d a t a  i n  terms of t h i s  c r i t e r i o n  m e t  with only l i m i t e d  success.' 
Owing t o  t h i s  background, one of t he  f i r s t  t h e o r e t i c a l  t a s k s  
under taken  d u r i n g  t h i s  i n v e s t i g a t i o n  w a s  a s tudy  of t h e  r o l e  of t h e  
p r e s s u r e  g r a d i e n t .  The o b j e c t i v e  was t o  e v a l u a t e  t h e  s i g n i f i c a n c e  and 
d e f i n e  t h e  l i m i t a t i o n s  of c r i t e r i a  such a s  t h a t  of Eq. 1. Toward t h i s  
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end ,  t h e  in f luence  of t h e  p re s su re  g r a d i e n t  w a s  examined i n  t e r m s  
o f  t h e  combustion model d i scussed  above and d e t a i l e d  i n  Appendix A .  
From t h e  model, t h e  fo l lowing  pressure-gradien t  c r i t e r i o n ,  which i s  
de r ived  i n  Appendix B ,  was developed: 
where 
D 
e S -(" RTw - . , ) e  H + -  RTw e D 
E .'RT 
cp Tf  W 
cs T w (F- + ZRTf cp = - -  
This  c r i t e r i o n  c o n t a i n s  a very important parameter ,  A, which i s  mis s ing  
from t h e  quas i - s teady  t r e a t m e n t s  l e a d i n g  t o  E q .  1. The parameter 
i s  a thermochemical cons t an t  t h a t  c h a r a c t e r i z e s  t h e  p r o p e l l a n t ;  i t  ac- 
counts  f o r  t h e  r o l e  of chemical r e a c t i o n s  i n  e x t i n c t i o n ,  which have 
been neglec ted  i n  the  earlier pu re ly  thermal t h e o r i e s .  The phys ica l  
meaning of Eq. 2 h a s  t o  be examined c a r e f u l l y  t o  put  t h i s  c r i t e r i o n  
i n  proper  pe r spec t ive  w i t h i n  t h e  o v e r a l l  con tex t  of t h e  e x t i n c t i o n  
problem as de f ined  i n  SRI's r ecen t  s t u d i e s .  
F i r s t ,  note t h a t  Eq. 2 i s  de r ived  from a l i n e a r i z e d  a n a l y s i s ,  and 
t h e r e f o r e  c h a r a c t e r i z e s  a s m a l l  d e p a r t u r e  from e q u i l i b r i u m ,  or quas i -  
s t eady  combustion. I n  t h e  case where 
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t h e  combustion process  i s  quas i - s teady;  i . e . ,  t h e  burn ing  ra te  i s  i n  
e q u i l i b r i u m  wi th  the  in s t an taneous  p re s su re .  (Therefore , e x t i n c t i o n  
cannot occur a t  p r e s s u r e s  h ighe r  than t h e  lower d e f l a g r a t i o n  l i m i t .  ) 
This  i n t e r p r e t a t i o n  of Eq. 2 fo l lows  d i r e c t l y  from t h e  o r i g i n a l  a n a l y s i s  
(Appendix B ) ,  where i t  i s  recognized t h a t  t he  p e r t u r b a t i o n  can be 
based on any quas i - s teady  s t a t e  and, i n  t h i s  s e n s e ,  i s  not r e s t r i c t e d  
t o  small d e p a r t u r e s  from t h e  i n i t i a l  s t eady  s t a t e .  T h i s  c r i t e r i o n  
can be understood i n  phys i ca l  terms by observ ing  t h a t  (d an p /d t )  i s  
j u s t  t h e  i n v e r s e  of t h e  t i m e  cons tan t  a s s o c i a t e d  wi th  a n  exponen t i a l  
p r e s s u r e  decay i n  t h e  combustion chamber, whereas ?h/K i s  t h e  i n v e r s e  
of t h e  t i m e  cons t an t  a s s o c i a t e d  with t h e  response of the  combustion 
mechanism. (Note t h a t  K/? is t h e  well-known thermal r e l a x a t i o n  t i m e  
of a r e g r e s s i n g  s o l i d  s u r f a c e  when the re  are no r e a c t i o n s  p r e s e n t . )  
Thus, t h e  i n e q u a l i t y  of Eq. 2 can be r e s t a t e d  a s  
, 
1 comb - >  
7 (3 )  
P 
where 7 = c h a r a c t e r i s t i c  r e l a x a t i o n  t i m e  of t h e  combustion comb mechanism. 
I- = c h a r a c t e r i s t i c  time cons t an t  of t h e  imposed p r e s s u r e  
decay i n  t h e  combustion chamber. P 
The re fo re ,  t h e  c r i t e r i o n  given i n  Eq. 2 e x p r e s s e s  t h e  minimum pres su re  
g r a d i e n t  t h a t  has  t o  be imposed t o  ensure t h a t  t h e  combustion mechanism 
w i l l  no longe r  be a b l e  t o  respond i n  phase wi th  t h e  p re s su re  decay. 
When t h e  p re s su re  g rad ien t  exceeds t h i s  l e v e l ,  e x t i n c t i o n  may occur 
a t  o t h e r  t h a n  t h e  lower d e f l a g r a t i o n  l i m i t .  
T h i s  i n t e r p r e t a t i o n  of Eq.  2 a l lows  a c l e a r  exp lana t ion  of t h e  
t h e o r e t i c a l l y  p r e d i c t e d  i n f l u e n c e  of surface-coupled r e a c t i o n s .  I t  i s  
shown i n  Appendix A t h a t  8 which e n t e r s  t h e  parameter i n  Eq. 1, i s  
S '  
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roughly p ropor t iona l  t o  t h e  fo l lowing  r a t i o :  heat release i n  sur face-  
coupled r e a c t i o n s / t o t a l  heat release i n  t h e  e n t i r e  combustion process .  
The p r o p o r t i o n a l i t y  cons t an t  f o r  many p r o p e l l a n t s  i s  about 10, so t h a t  
when exothermic surface-coupled r e a c t i o n s  are r e s p o n s i b l e  f o r  10 percent  
of t h e  t o t a l  heat r e l e a s e  i n  t h e  system, 8 - 1 ;  f o r  20 p e r c e n t ,  8 - 2 ;  
e tc .  The q u a n t i t y  cp i s  on t h e  o r d e r  of 10 f o r  t y p i c a l  p r o p e l l a n t s .  
The re fo re ,  wi th  exothermic s u r f a c e  r e a c t i o n s ,  h = 8 - rp i s  n e g a t i v e ,  
and a n  increase  i n  8 t e n d s  t o  reduce t h e  magnitude of A, Thus, a s  
8 i n c r e a s e s ,  a lower p re s su re  g rad ien t  i s  r e q u i r e d  t o  f o r c e  a depa r tu re  
from quas i - s teady  burning. T h i s  conclus ion  i s  c o n s i s t e n t  w i t h  t h e  
p h y s i c a l  i n t e r p r e t a t i o n  o u t l i n e d  above; a h ighe r  8 corresponds t o  a 
lower f r a c t i o n a l  heat release i n  t h e  gas-phase which response i n s t a n t l y  
t o  p re s su re  changes, and t o  a h ighe r  surface-coupled heat r e l e a s e  which 
does no t  respond i n s t a n t a n e o u s l y .  Hence, w i t h  a h ighe r  8 t h e  o v e r a l l  
response  of t h e  combustion mechanism is s lower .  
S S 
S 
S 
S 
S 
S ’  
The main conclus ions  t h a t  emerge from t h e  fo rego ing  d i s c u s s i o n  
are t h a t  (1) t h e  d i s t r i b u t i o n  of energy release i n  t h e  combustion p r o c e s s ,  
which i s  r e f l e c t e d  i n  the va lue  of t h e  parameter h ,  has a n  important 
effect  on t h e  t r a n s i e n t  response of t h e  p r o p e l l a n t ;  and ( 2 )  , t h a t  t h e  
c r i t e r i o n  of Eq. 2 i s  a necessary  but  i n s u f f i c i e n t  c o n d i t i o n  f o r  e x t i n c t i o n  
above t h e  lower d e f l a g r a t i o n  l i m i t .  Of  these conc lus ions ,  t h e  f irst  
i s  s u f f i c i e n t  t o  e x p l a i n  why a t t e m p t s  t o  c o r r e l a t e  d a t a  w i t h  Eq. 1 
w e r e  l a r g e l y  unsuccess fu l .  The second i n d i c a t e s  t h a t  even the  more 
c o r r e c t  c r i t e r i o n  of Eq. 2 ,  which accoun t s  f o r  k i n e t i c s  e f fec ts  t h a t  
i n f l u e n c e  t h e  d i s t r i b u t i o n  of heat research, i s  not  wholly adequate .  To 
p r o p e r l y  account f o r  e x t i n c t i o n  behav io r ,  a n o n l i n e a r  a n a l y s i s  is  
necessa ry ,  rather than  t h e  l i n e a r  t r e a t m e n t s  unde r ly ing  Eqs. 1 and 2 .  
Before proceeding w i t h  a more de ta i led  c o n s i d e r a t i o n  of t h e  ex- 
t i n c t i o n  process  and o u t l i n i n g  an  a p p r o p r i a t e  non l inea r  a n a l y s i s ,  l t  
w i l l  be use fu l  t o  b r i e f l y  cons ide r  t he  a p p l i c a t i o n  of t h e  combustion 
model t o  t h e  combustion i n s t a b i l i t y  problem. I t  i s  i n t u i t i v e l y  e v i d e n t  
t h a t  t h e  t r a n s i e n t  response character is t ics  of t h e  combust i on  mechanism 
t o  a l l  forms of p re s su re  p e r t u r b a t i o n  are r e l a t e d .  Thus, an examination 
of combustion i n s t a b i l i t y  p rov ides  f u r t h e r  i n s i g h t  i n t o  e x t i n c t i o n  
behavior  and a l s o  a f f o r d s  a means of t e s t i n g  t h e o r e t i c a l  concep t s .  
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Combustion I n s t a b i l i t y  and Ex t inc t ion  
Seve ra l  t h e o r e t i c a l  s t u d i e s  have been conducted on t h e  t r a n s i e n t  
combustion response  of s o l i d  p r o p e l l a n t s ,  which i s  u s u a l l y  c h a r a c t e r i z e d  
i n  t e r m s  of t h e  "response func t ion"  for a p p l i c a t i o n  t o  combustion i n -  
s t a b i l i t y  problems. Most of t h e s e  s t u d i e s ,  which a r e  comprehensively 
summarized elsewhere ,l have been b a s i c a l l y  s i m i l a r  and have neg lec t ed  
surface-coupled r e a c t i o n s  e n t i r e l y .  Notable excep t ions  are t h e  r e c e n t  
a n a l y s e s  by F r i e d l y  and Petersen14 and by Culick" i n  which e n e r g e t i c  
s u r f a c e  r e a c t i o n s  are cons idered .  There have a l s o  been s e v e r a l  t r ea tmen t s  
produced on t h e  e f f e c t  of s u r f a c e  r e a c t i o n s  by Zel 'dovich  and h i s  
co l l eagues  and s t u d e n t s  i n  t h e  Soviet Union, r e c e n t l y  summarized by 
Vantoch.16 ,I7 
A l l  of t h e s e  t h e o r e t i c a l  ana lyses  l e a d  t o  t h e  conclus ion  t h a t  
s u r f a c e  r e a c t i o n s  tend  t o  have a s t a b i l i z i n g  i n f l u e n c e  on the  p r o p e l l a n t .  
However, t h i s  conclus ion  appears  t o  be i n  d i r e c t  c o n f l i c t  wi th  our 
exper imenta l  obse rva t ions  on composite  propellant^.^ Thus, i t  seems 
q u i t e  c l e a r  t h a t  t h e  combustion models under ly ing  t h e s e  a n a l y s e s ,  which 
d i f f e r  mainly i n  mathematical  d e t a i l s ,  do not adequate ly  r e p r e s e n t  t h e  
t r u e  combustion mechanism of  t h i s  c l a s s  of p r o p e l l a n t s .  The ana lyses  
appea r  t o  d e s c r i b e  double-base p r o p e l l a n t s  much b e t t e r  t h a n  composites,  
f o r  t h e  former are observed t o  have i n s t a b i l i t y  regimes t h a t  a r e  e s s e n t i a l l y  
t h e  oppos i t e  of those  a s s o c i a t e d  w i t h  composites .9 
A s  has been e x p l a i n e d ,  t h e  new combustion model formulated du r ing  
t h i s  i n v e s t i g a t i o n  d i f f e r s  from ear l ier  ones' l a  p r i m a r i l y  i n  t h e  k i n e t i c s  
d e s c r i p t i o n  of t h e  s u r f a c e  reac t ions .18  ,I9 
k i n e t i c s ,  t h e  SRI model d i s t i n g u i s h e s  between composite and double-base 
p r o p e l l a n t s  , u n l i k e  o t h e r  t h e o r i e s .  The a p p l i c a t i o n  of t h i s  combustion 
model t o  t h e  i n t e r p r e t a t i o n  of combustion i n s t a b i l i t y  obse rva t ions  
has  been d i scussed  i n  t h e  open l i t e r a t u r e "  
t e c h n i c a l  r e p o r t s  .' An abbrev ia t ed  o u t l i n e  of t h i s  r e l a t i v e l y  complex 
a n a l y s i s  and t h e  r e l a t e d  conclus ions  appear  i n  Appendix C t o  t h i s  
r e p o r t .  
I n  t e r m s  of t h e  s u r f a c e  
w e l l  a s  i n  o t h e r  
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Comparisons w i t h  i n s t a b i l i t y  d a t a  have shown t h a t  t h e  S R I  model 
is  c o n s i s t e n t  w i t h  obse rva t ions  of both double-base and composite 
p r o p e l l a n t s .  S p e c i f i c a l l y ,  surface-coupled exotherms are shown t o  
have a d e s t a b i l i z i n g  effect  on composite p r o p e l l a n t s ,  whereas p re s su re -  
s e n s i t i v e  s u r f a c e  exotherms t end  t o  s t a b i l i z e  double-base p r o p e l l a n t s .  
This conclus ion ,  which i s  confirmed by t h e  i n s t a b i l i t y  d a t a ,  has  not 
been obta ined  w i t h  o t h e r  t h e o r i e s ;  t h e r e f o r e  t h e  combustion i n s t a b i l i t y  
r e s u l t s  s t rong ly  support  t h e  t h e o r e t i c a l  concep t s  unde r ly ing  t h e  
model developed d u r i n g  t h i s  s tudy  f o r  c o n s i d e r a t i o n  of e x t i n c t i o n  
behavior .  
' In  Appendix C ,  t h e  i n f l u e n c e  of sur face-coupled  r e a c t i o n s  on 
combustion i n s t a b i l i t y  i s  expressed  i n  terms of t h e  parameter 8 . It 
w i l l  be r e c a l l e d  t h a t  8 
of Eq. 2 .  T h u s ,  t h i s  i n v e s t i g a t i o n  h a s  e s t a b l i s h e d  a c l e a r  r e l a t i o n s h i p  
between t h e  combustion i n s t a b i l i t y  c h a r a c t e r i s t i c s  of a p r o p e l l a n t  
and t h e  e x t i n c t i o n  behavior of t h a t  p r o p e l l a n t .  T h i s  r e l a t i o n s h i p  
h a s  a s i g n i f i c a n t  b e a r i n g  on de termining  t h e  p re s su re  g rad ien t  t h a t  
should be imposed t o  make e x t i n c t i o n  p o s s i b l e ;  however, whether  ex- 
t i n c t i o n  w i l l  t hen  occur i s  a cons ide rab ly  more complex q u e s t i o n .  
S 
i s  a l s o  t h e  key parameter i n  t h e  c r i t e r i o n  
S 
For example, i t  has  been shown t h a t  composite p r o p e l l a n t s  have 
a g r e a t e r  tendency t o  burn uns t ab ly  a s  8 i n c r e a s e s .  Thus, i f  Eq.  1 
were t h e  only c r i t e r i o n  f o r  e x t i n c t i o n ,  p r o p e l l a n t s  w i t h  combustion 
i n s t a b i l i t y  problems might be expected t o  e x t i n g u i s h  more r e a d i l y  t h a n  
o t h e r s ,  which i s  c o n t r a r y  t o  our obse rva t ions .  This i s  not a d i sc repancy ,  
however; Eq. 1 i s  a necessary  but  i n s u f f i c i e n t  c r i t e r i o n  f o r  e x t i n c t i o n  
above t h e  lower d e f l a g r a t i o n  l i m i t .  To a r r i v e  a t  a complete unders tanding  
of e x t i n c t i o n  behavior ,  o t h e r  a s p e c t s  of t h e  t r a n s i e n t  p rocess  have 
t o  be considered. The complex i n t e r a c t i o n s  t h a t  u l t i m a t e l y  govern 
e x t i n c t  ion behavior  w i l l  be cons idered  below i n  q u a l i t a t i v e  terms. 
T h i s  d i scuss ion  w i l l  provide necessary  background f o r  t h e  subsequent 
development of a more q u a n t i t a t i v e  a n a l y t i c a l  approach t o  e x t i n c t i o n .  
S 
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Combustion Phenomena During Ex t inc t ion  
Before cons ide r ing  i n  genera l  terms t h e  q u a l i t a t i v e  na tu re  of 
t h e  combustion e x t i n c t i o n  p rocess ,  it i s  a p p r o p r i a t e  t o  present  t h e  
fo rego ing  i n t e r p r e t a t i o n  of t h e  in f luence  of t h e  p re s su re  g r a d i e n t .  
The lower diagram of Fig.  1 d e p i c t s  s chemat i ca l ly  a t y p i c a l  p r e s s u r e  
decay curve t h a t  might be imposed on a rocke t  chamber t o  e x t i n g u i s h  
combustion. Also shown i n  t h e  corresponding quas i - s teady  burn ing  rate 
cu rve ,  i . e . ,  t h e  trace t h e  burn ing  r a t e  would fo l low i f  t h e  s teady-  
n s ta te  burn ing  ra te  l a w  ( e . g . ,  r = bp ) were v a l i d  throughout t h e  process .  
The upper diagram shows t h e  time cons tan t  for t h e  p re s su re  decay, 
which i n c r e a s e s  s l i g h t l y  with e lapsed  t i m e  only because t h e  p re s su re  
decay is  n o t  t r u l y  exponen t i a l .  The remaining p a r a l l e l  curves  r ep resen t  
t h e  r e l a x a t i o n  t i m e s  a s s o c i a t e d  w i t h  t h e  combustion mechanisms of two 
p r o p e l l a n t s  having  d i f f e r e n t  percentages  of surface-coupled hea t  release. 
Because t h e  burn ing  ra te  dec reases  with e l apsed  t i m e ,  t h e  combustion 
r e l a x a t i o n  t i m e  i n c r e a s e s  sha rp ly  (T .w K/F2 h ) .  More i n t e n s e  su r face -  
coupled hea t  r e l e a s e  a l s o  i n c r e a s e s  t h e  r e l a x a t i o n  t i m e .  
comb 
KLESS SURFACE-COUPLED ELEASE HEAT 
4 ( I  i l l  ’ 1x21) RELAXATION TIME 
T 
L 5 1  
I j ELAPSED TIME, t 
DEPARTURE FROM 
QUASI- STEADY BURNING 
QUASI - STEADY - P ,L Po ro 
PO 
TO-5577-29 
ELAPSED TIME, t 
0 
FIG. 1 EXTINCTION CHARACTERISTICS 
OF CRITICAL COMBUSTION PARAMETERS 
13 
A s  the  p re s su re  decay beg ins ,  t h e  combustion r e l a x a t i o n  t i m e  is  
much less than  t h e  t i m e  cons t an t  of t h e  p re s su re  decay, Therefore  , 
t h e  burning r a t e  fo l lows  t h e  quas i - s t eady  curve .  Even tua l ly ,  t h e  two 
t i m e  c o n s t a n t s  become of t h e  same o r d e r ,  and beyond t h i s  c ros sove r  
( i . e . ,  with g r e a t e r  e l apsed  t i m e ) ,  t h e  i n e q u a l i t y  c r i t e r i o n  of Eq. 2 
i s  s a t i s f i e d .  The c rossove r  po in t  r e p r e s e n t s  t h e  f i n a l  s ta te  of t r u l y  
quas i - s teady  burn ing ,  and t h e  fo rego ing  i n t e r p r e t a t i o n  of Eq. 2 assumes 
the  in s t an taneous  burn ing  ra te  and p res su re  a t  t h i s  po in t  t o  be t h e  
" i n i t i a l  cond i t ions"  (6, r) of t h e  p e r t u r b a t i o n  a n a l y s i s .  
Beyond t h e  c rossover  p o i n t ,  t h e  p r o p e l l a n t  may cont inue  t o  burn ,  
bu t  t h e  burning rate no longe r  fo l lows  t h e  quas i - s teady  curve .  I f  
t h i s  c rossover  occurs  a t  a p re s su re  h ighe r  than  t h e  lower d e f l a g r a t i o n  
l i m i t ,  e x t i n c t i o n  may (or may n o t )  occur above t h a t  l i m i t .  If i t  f a l l s  
below t h a t  l i m i t ,  e x t i n c t i o n  w i l l  occur  when t h e  p re s su re  reaches  t h e  
lower d e f l a g r a t i o n  l i m i t ,  and no t  b e f o r e .  The h ighe r  t h e  su r face -  
coupled heat r e l e a s e ,  t he  sooner a depa r tu re  from quas i - s teady  burn ing  
o c c u r s ,  but t o  determine whether e x t i n c t i o n  then  r e s u l t s  r e q u i r e s  
cons ide ra t ion  of o t h e r  f a c t o r s .  
When t h e  imposed p res su re  g rad ien t  meets t h e  c r i t e r i o n  of Eq. 2 ,  
t h e  combustion process  may fo l low one of t h r e e  cour ses :  (1) t h e r e  s t i l l  
may be no e x t i n c t i o n ,  u n l e s s  the  d e f l a g r a t i o n  l i m i t  i s  reached;  ( 2 )  
t h e r e  may be a " t r a n s i e n t  e x t i n c t i o n , "  i . e . ,  e x t i n c t i o n  followed by 
r e i g n i t i o n ;  o r  (3) t h e r e  may be t r u e  e x t i n c t i o n  ( a t  a p re s su re  h ighe r  
than t h e  d e f l a g r a t i o n  l i m i t ,  i n  g e n e r a l ) .  The main c o n s i d e r a t i o n  
de te rmining  which a l t e r n a t i v e  w i l l  occur i n  any g iven  e x t i n c t i o n  ex- 
periment appears  t o  be t h e  t r a n s i e n t  hea t  t r a n s f e r  behavior  i n  t h e  
s o l i d  g r a i n  between t h e  s o l i d  and gas phases .  
There i s  always a c e r t a i n  amount of thermal  energy s t o r e d  w i t h i n  
t h e  s o l i d  p rope l l an t  , beneath t h e  s u r f a c e  r e a c t i o n  zone, d u r i n g  t h e  
bu rn ing  process.  The t o t a l  energy s t o r e d  i n  t h i s  manner, f Cp (T-To) dx ,  
can be represented  as t h e  area under t h e  tempera ture  p r o f i l e ,  a s  shown 
i n  F ig .  2. A s  t h e  burn ing  ra te  d e c r e a s e s ,  t h e  s t e a d y - s t a t e  p r o f i l e  
becomes l e s s  steep; consequent ly ,  more energy  i s  s t o r e d  wi th in  t h e  g r a i n  
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with  lower burn ing  rates,  assuming the p r o f i l e  h a s  achieved i t s  steady-  
s ta te  shape ,  
, GAS-PHASE REACTIONS 
p 
Tw --4 TEMPERATURE PROFILE 
--__---------- 
REGION OF THERMAL ENERGY 
STORAGE IN GRAIN 
HIGH BURNING RATE 
LOW BURNING RATE rt,-sw7-43 
FIG.2 THERMAL PROFILE AS A FUNCTION 
OF BURNING RATE 
The complex i n t e r p l a y  of s eve ra l  mechanisms t h a t  dominate e x t i n c t i o n  
behavior  c a n  be c la r i f ied  by fol lowing t h e  t r a n s i e n t  temperature  p r o f i l e  
d u r i n g  a r a p i d  d e p r e s s u r i z a t i o n  and r e l a t i n g  i t  t o  o t h e r  t r a n s i e n t  
combustion phenomena. Assume t h a t  the imposed pressure  decay i s  s u f f i c i e n t  
t o  meet the  c r i t e r i o n  of Eq.  2 a t  some pressure  l e v e l  w e l l  above t h e  
lower d e f l a g r a t i o n  l i m i t .  Before t h i s  p o i n t  h a s  been reached ,  t h e  burning 
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rate and temperature  prof i le  c l o s e l y  correspond t o  t h e i r  s t e a d y - s t a t e  
va lues  a t  t h e  i n s t a n t a n e o u s  p r e s s u r e .  A f t e r  t h i s  po in t  (where Eq. 2 
is s a t i s f i e d ) ,  t h e  burn ing  rate begins  t o  d e p a r t  from t h e  s t e a d y - s t a t e  
c u r v e ,  as explained above. This  d e p a r t u r e  occurs  because t h e  r e l a x a t  i o n  
t i m e  of the combustion mechanism becomes g r e a t e r  t h a n  t h e  t i m e  cons tan t  
of t h e  pressure decay ( see  Fig.  1). I t  fo l lows  t h a t  t h e  burn ing  rate 
t e n d s  t o  become h i g h e r  t h a n  t h e  s t e a d y - s t a t e  value for  t h e  i n s t a n t a n e o u s  
p r e s s u r e ,  because a l a g  i n  t h e  combustion response means t h a t  t h e  
surface-coupled r e a c t i o n s  tend  t o  o p e r a t e  w i t h  a s u r f a c e  temperature  
h i g h e r  than t h e  s t e a d y - s t a t e  va lue .  Thus, t h e  mass e v o l u t i o n  from 
t h e  s u r f a c e ,  o r  t h e  burn ing  ra te ,  i s  h i g h e r  too. 
During t h i s  i n i t i a l  per iod  of d e p a r t u r e  from quasi-s teady com- 
b u s t i o n ,  t h e  temperature  p r o f i l e  i n  t h e  g r a i n  t e n d s  t o  s t a y  approximately 
i n  equi l ibr ium with t h e  i n s t a n t a n e o u s  burn ing  ra te ,  a l though t h e  
l a t te r  i s  no t  i n  e q u i l i b r i u m  wi th  t h e  p r e s s u r e .  This conclus ion  i s  
d e r i v e d  by n o t i n g  t h a t  t h e  burning ra te  i s  a c t u a l l y  changing more 
slowly than t h e  s t e a d y - s t a t e  curve would i n d i c a t e  (Fig.  11, s o  t h a t  
t he  p r o f i l e  can s t a y  approximately i n  phase w i t h  t h e  burning ra te .  
I t  i s  e s s e n t i a l  t o  r e m e m b e r  t h a t  a n  o p e r a t i n g  regime i s  be ing  
considered i n  which gas-phase r e a c t i o n s  always respond e s s e n t i a l l y  
ins tan taneous ly  t o  t h e  pressure  decay .  (For t y p i c a l  p r o p e l l a n t s  and 
burning r a t e s  , t h i s  regime i n c l u d e s  d e p r e s s u r i z a t i o n  ra tes  wi th  a 
t i m e  cons tan t  of about lo4  sec o r  g r e a t e r ,  i . e . ,  rates of  primary 
p r a c t i c a l  importance.)  Thus, a l though a t  lower pressuxvs t h e  sur face-  
coupled r e a c t i o n s  tend  t o  proceed f a s t e r  t h a n  t h e y  would w i t h  q u a s i -  
s t e a d y  burning, c a u s i n g  a correspondingly h i g h e r  burn ing  ra te ,  t h e  
gas-phase r e a c t i o n s  do n o t .  They proceed a t  t h e  s t e a d y - s t a t e  ra te  
corresponding t o  t h e  i n s t a n t a n e o u s  p r e s s u r e .  Therefore ,  t h e  r e l a t i v e l y  
high m a s s  e v o l u t i o n  from the  lagging  surface-coupled r e a c t i o n s  become 
more t h a n  can be consumed i n  t h e  gas-phase r e a c t i o n s .  A s  a r e s u l t ,  
t h e  gas-phase flame becomes d i l u t e d ,  and may e v e n t u a l l y  be quenched. 
When t h e  flame becomes d i l u t e d ,  t h e  main source of energy feedback t o  
t h e  p r o p e l l a n t  s u r f a c e  i s  e l i m i n a t e d ,  s i n c e  surface-coupled r e a c t i o n s  
t y p i c a l l y  provide only about  10 percent  of t h e  t o t a l  energy.  Consequently,  
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t h e  temperature a t  t h e  p rope l l an t  surface beg ins  t o  f a l l ,  a s  does 
t h e  surface-coupled r e a c t i o n  r a t e  and t h e r e f o r e  t h e  burn ing  ra te .  
The sequence j u s t  desc r ibed  i s  i l l u s t r a t e d  schemat i ca l ly  i n  
F ig .  3. The imposed p res su re  decay and t h e  r e s u l t i n g  burn ing  rate 
behavior  are shown a s  s o l i d  cu rves .  The quas i - s teady  burn ing  rate 
trace, such as might be given by a n  e m p i r i c a l  l a w  of t h e  type  r = bp , 
i s  shown as  a dashed curve .  Shor t ly  be fo re  po in t  1 on the  f i g u r e  i s  
reached ,  t h e  c r i t e r i o n  of Eq.  2 is  s a t i s f i e d ;  t h e r e f o r e ,  a t  po in t  1 
t h e  burn ing  ra te  d e p a r t s  from t h e  quas i - s teady  curve .  The r e s u l t i n g  
r e l a t i v e l y  h igh  mass e f f l u x  begins  t o  swamp t h e  gas-phase flame a t  
po in t  2 ,  sha rp ly  reducing  t h e  energy feedback t o  t h e  p r o p e l l a n t .  Th i s  
l e a d s  t o  a r a p i d  decrease  i n  t h e  burning r a t e .  Whether e x t i n c t i o n  
ensues  depends on t h e  r e l a t i v e  importance and t h e  r e l a t i v e  t i m e  scales 
of subsequent i n t e r a c t i o n s .  
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A t  point 2 ,  t h e  temperature p r o f i l e  i s  s t i l l  roughly t h e  same as 
t h e  s t eady- s t a t e  p r o f i l e  cor responding  t o  t h e  i n s t a n t a n e o u s  burn ing  
rate a t  t h a t  p o i n t .  However, a s  t h e  burn ing  r a t e  decreases r a p i d l y ,  
a s u b s t a n t i a l  heat f l u x  t o  t h e  p r o p e l l a n t  su r f ace  i s  needed t o  ma in ta in  
a quas i - s teady  p r o f i l e  , f o r  more energy i s  s t o r e d  i n  t h e  g r a i n  a t  
lower burn ing  r a t e s .  (See Fig.  2 ) .  I n  g e n e r a l ,  t h e  heat f l u x  w i l l  
be i n s u f f i c i e n t  t o  main ta in  a quas i - s teady  p r o f i l e ,  s i n c e  t h e  gas-phase 
flame has  been e f f e c t i v e l y  quenched a t  p o i n t  2 ,  and the  s u r f a c e  tempera- 
t u r e  w i l l  start t o  d rop ,  enhancing t h e  chance of e x t i n c t i o n .  However, 
no te  t ha t  a t  po in t  3 the  burn ing  ra te  becomes less t h a n  the  quas i -  
s t eady  value.  Th i s  means t h a t  t h e  excess ive  mass e v o l u t i o n  t h a t  quenches 
t h e  gas-phase flame a t  p o i n t  2 no  longe r  e x i s t s .  
Thus, t h e  presence of hot combustion p roduc t s  may s t a r t  t h e  gas- 
phase flame aga in  ( e . g . ,  a t  po in t  4) , w i t h  a cor responding  i n c r e a s e  
i n  hea t  t r a n s f e r  t o  t h e  p r o p e l l a n t .  If t h i s  heat f l u x  i s  s u f f i c i e n t  
t o  make up t h e  d i f f e r e n c e  between t h e  energy  s t o r e d  i n  t h e  g r a i n  a t  
po in t  2 and t h a t  a t  t h e  lower burn ing  rate cor responding  t o  t h e  f i n a l  
chamber pressure  (po in t  5 ) ,  e x t i n c t i o n  w i l l  n o t  occur.  I n s t e a d ,  t h e  
burn ing  r a t e  w i l l  f o l l o w  t h e  path t o  p o i n t  5, u l t i m a t e l y  ach iev ing  i t s  
s t eady- s t a t e  value a t  t h e  f i n a l  p r e s s u r e .  On t h e  o t h e r  hand, i f  t h e  
hea t  t r a n s f e r  d u r i n g  t h i s  b r i e f  per iod  i s  i n s u f f i c i e n t  t o  deve lop  t h e  
r e q u i r e d  f i n a l  temperature p r o f i l e ,  e x t i n c t i o n  w i l l  occu r  a s  i n d i c a t e d  
on t h e  branch of t h e  curve labeled 6 .  Whether branch 5 o r  6 i s  t aken  
depends on how d i f f e r e n t  t h e  p r o f i l e s  a t  p o i n t s  2 and 5 a re ,  how much 
t i m e  e l a p s e s  between p o i n t s  2 and 4 ,  how g r e a t  t h e  energy release i s  
a f t e r  point 4 ,  e t c .  These  f a c t o r s ,  i n  t u r n ,  depend on both  t h e  pro- 
p e l l a n t  and t h e  imposed chamber c o n d i t i o n s .  For example, t h e  d i f f e r e n c e  
between t h e  tempera ture  p r o f i l e s  a t  p o i n t s  2 and 5 depends on t h e  
i n i t i a l  p ressure  g rad ien t  (which de termines  how soon po in t  1, and 
t h e r e f o r e  poin t  2 ,  i s  reached), as w e l l  a s  t h e  f i n a l  chamber p r e s s u r e ,  
o r  back pressure  ( w h i c h  e s t a b l i s h e s  the  burn ing  ra te  and tempera ture  
p r o f i l e  a t  po in t  5 ) .  
F i n a l l y ,  i t  should be noted t h a t  even  when branch 6 of F ig .  3 i s  
a p p l i c a b l e ,  permanent e x t i n c t i o n  i s  no t  a s su red .  Af t e r  e x t i n c t i m  occurs  
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a t  p o i n t  6 ,  t h e  hea t  t r a n s f e r  from r e s i d u a l  ho t  combustion p roduc t s  
i n  t h e  chamber may be s u f f i c i e n t  t o  e s t a b l i s h  a tempera ture  p r o f i l e  and 
e v e n t u a l l y  induce s u r f a c e  p y r o l y s i s  and f u r t h e r  exothermic r e a c t i o n s .  
I n  o t h e r  words, r e i g n i t i o n  i s  a d i s t i n c t  p o s s i b i l i t y .  I n  f a c t ,  t h e  
r e s u l t s  r e p o r t e d  i n  t h e  Experimental S t u d i e s  Sec t ion  of t h i s  r e p o r t  
i n d i c a t e  t h a t  r e i g n i t i o n  of t h i s  t y p e ,  or " t r a n s i e n t  e x t i n c t i o n ,  I t  i s  
one of t h e  more important problems t o  be overcome. Owing t o  t h e  re- 
l a t i v e l y  low h e a t  t r a n s f e r  rate and t h e  cons ide rab le  t o t a l  energy 
s t o r a g e  requirement i n  t h e  g r a i n ,  t h i s  t y p e  of r e i g n i t i o n  phenomenon 
t y p i c a l l y  occurs  t e n s  of mi l l i s econds  a f t e r  t h e  o r i g i n a l  e x t i n c t i o n  
a t  p o i n t  6 .  Whether r e i g n i t i o n  occurs i n  a given i n s t a n c e  a l s o  depends 
on a number of i n t e r r e l a t e d  f a c t o r s ,  i n c l u d i n g  t h e  preceding  burn ing  
rate h i s t o r y  ( r e l a t i v e  p o s i t i o n s  of p o i n t s  2 and 4 ,  e t c . ) .  The f i n a l  
chamber p r e s s u r e ,  or back p r e s s u r e ,  may be e s p e c i a l l y  impor t an t ,  f o r  
it de termines  t h e  t o t a l  energy s torage  needed i n  t h e  g r a i n  t o  r e - e s t a b l i s h  
s t e a d y  burn ing .  A low back pressure  corresponds t o  a low burn ing  ra te  
and a h igh  energy s to rage  under the  p r o f i l e ;  a high back p res su re  
cor responds  t o  t h e  oppos i t e .  Thus, a low back p res su re  g r e a t l y  i n c r e a s e s  
t h e  t o t a l  energy f l u x  t o  t h e  sur face  needed t o  cause r e i g n i t i o n .  
Moreover, a low back p r e s s u r e  reduces gas-phase r e a c t i o n  ra tes ,  making 
it h a r d e r  f o r  t h e s e  r e a c t i o n s  t o  r e - s t a r t .  I n  both r e s p e c t s ,  t h e n ,  
a h igh  back p res su re  i s  conducive t o  r e i g n i t i o n ,  whereas a low f i n a l  
chamber p re s su re  t ends  t o  prevent  r e i g n i t i o n .  
In  o r d e r  t o  c o r r e l a t e  e x t i n c t i o n  d a t a  and p r e d i c t  e x t i n c t i o n  per- 
formance, i t  i s  necessary  t o  understand t h e  complex i n t e r a c t i o n  of 
e v e n t s  desc r ibed  i n  t h e  fo rego ing  d i scuss ion .  I n  a d d i t i o n ,  t h e  response 
of t h e  combustion mechanism must be recognized a s  be ing  c l o s e l y  coupled 
t o  t h e  gasdynamics of t h e  chamber. For example, i n  a n  a c t u a l  motor,  
t h e  p r e s s u r e  does n o t  o r d i n a r i l y  fo l low a pure ly  exponen t i a l  decay 
curve  as  dep ic t ed  i n  F ig .  3 .  Owing t o  t h e  nozzle f low c h a r a c t e r i s t i c s ,  
t h e r e  i s  u s u a l l y  a p res su re  sp ike  s h o r t l y  a f t e r  t h e  i n i t i a l  d e p r e s s u r i -  
a t i o n . a O  T h i s  sp ike  can be very impor tan t ,  p a r t i c u l a r l y  i n  de te rmining  
whether r e i g n i t i o n  occurs .  If i t  a r i s e s  soon a f t e r  t h e  o r i g i n a l  ex- 
t i n c t i o n  (po in t  6 ) ,  t h e  oppor tuni ty  f o r  r e i g n i t i o n  i s  g r e a t l y  enhanced 
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accord ing  t o  t h e  argument p re sen ted  above. Furthermore,  i f  t h e  sp ike  
should happen t o  c o i n c i d e  wi th  t h e  p o r t i o n  of t h e  curve between p o i n t s  
2 and 4,  e x t i n c t i o n  probably would n o t  occur ,  o r  "chuff ing"  might 
arise. The p o s i t i o n  and he igh t  of t h e  sp ike  depends on t h e  geometric 
conf igu ra t ion  of t h e  motor which is de f ined  by t h e  va lue  of L*. 
It is  clear t h a t  any q u a n t i t a t i v e l y  u s e f u l  t heo ry  of e x t i n c t i o n  
n e c e s s a r i l y  encompasses a l l  of t h e  i n h e r e n t l y  n o n l i n e a r  phenomena 
d i scussed  above, and t h e r e f o r e  cal ls  f o r  a numerical  a n a l y s i s  on t h e  
computer. The l i n e a r i z e d  a n a l y s i s  has demonstrated t h e  gene ra l  v a l i d i t y  
of t h e  combustion model, which is  t h e  key f e a t u r e  of any f u r t h e r  a n a l y s i s .  
With t h i s  background as t h e  j u s t i f i c a t i o n  and mot iva t ion ,  a more advanced 
a n a l y s i s  h a s  been developed based on t h e  modified combustion model 
desc r ibed  i n  Appendix D. 
The Nonlinear Ana lvs i s  of T rans i en t  S o l i d  P r o t x l l a n t  Combustion t 
The nondimensional e q u a t i o n s  t h a t  d e s c r i b e  t h e  combustion model 
are a s  fo l lows:  
* * *  
piV r .  1 dp* * * A t  * * 
(4 )  
d t  
C 
C C T 
(chamber c o n t i n u i t y )  
$ *  PiV r i * *  * * *  
AbRTi YPsK dt* f 
* - --- dp - r T - p AtTc + h 
(chamber energy)  
~ 
'Under t h i s  c o n t r a c t ,  programming of t he  n o n l i n e a r  equa t ions  w a s  begun. 
These t h e o r e t i c a l  s t u d i e s  are being completed i n  a follow-on p r o j e c t  
(Contract No. NAS1-7349) which s t a r t e d  i n  June 1967. 
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J 
(gas-phase p rope l l an t  consumption) 
w w .  w 
1 
* 
(E /RT ) (T* - i ) / ~  
(sol id-phase pyro ly  si s )  
a2 T* 
* 
aT* * a T  
a t  ax 
~ = r  
* * * 
0 
T = T  a t x  = m  
(7) 
(sol id-phase thermal p r o f i l e  behavior )  
which r ep resen t  t h e  p r e s s u r e - s e n s i t i v e  and p res su re -  
* * 
QH and Q D’ 
i n s e n s i t i v e  c o n t r i b u t i o n s  t o  the  surface-coupled hea t  re lease,  can be 
expressed  i n  terms of a n  Arrhenius  l a w  by 
L 
r 1 ’ (9) 
I 
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The parameters < and < r e p r e s e n t  the  f r a c t i o n s  of  s t e a d y - s t a t e  t o t a l  
heat of combustion associated w i t h  p r e s s u r e - s e n s i t i v e  and pressure-  
i n s e n s i t i v e  surface-coupled r e a c t i o n s .  
H D 
For l a r g e  excurs ions  i n  t h e  burning rate,  t h e  n e t  heat r e l e a s e  i n  
t h e  gas-phase f lame,  € Q -L, must be treated as  a v a r i a b l e  i n  such a way  
t h a t  i n  the  s t e a d y - s t a t e  l i m i t ,  t h e  dependence of flame temperature  on 
p r e s s u r e  matches t h a t  p r e d i c t e d  from independent thermochemical ca lcu-  
l a t i o n s  (see Appendix D). T h i s  concept can be introduced mathematical ly  
by w r i t i n g  t h e  first boundary condi t ion  of Eq. 8 a s  
r r  
4 
f 
In  t h i s  c a s e ,  T i s  a f i c t i t i o u s  flame tempera ture ,  i . e . ,  t h e  flame t e m -  
p e r a t u r e  t h a t  would e x i s t  i n  a f i c t i t i o u s  s t e a d y - s t a t e  having a s u r f a c e -  
coupled h e a t  release e q u a l  t o  t h e  a c t u a l  t r a n s i e n t  surface-coupled heat 
release. The c a l c u l a t i o n  of T must account for  both t h e  correct burning- 
r a t e  behavior  and t h e  flame temperature  behavior  i n  t h e  s teady  s ta te .  
(Note t h a t  t h i s  a n a l y s i s  does n o t  r e l a t e  Q t o  t h e  i n s t a n t a n e o u s  v a l u e s  
of Tw and p ,  b u t  r a t h e r  t o  t h e  i n s t a n t a n e o u s  heat release. 
t h a t  i n  t h e  nonsteady combustion p r o c e s s ,  t h e  gas-phase h e a t  release 
w i l l  be t h e  same as  t h e  s t e a d y - s t a t e  value fo r  t h e  same t o t a l  h e a t  release 
i n  t h e  surface-coupled terms.) 
4 
F 
r 
I t  i s  assumed 
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EXPERIMENTAL STUDIES 
The exper imenta l  s t u d i e s  c a r r i e d  out  under t h i s  program c o n s i s t e d  
of measurements of t h e  e f f e c t  of fo rmula t iona l  changes on t h e  lower 
d e f l a g r a t i o n  l i m i t ,  d i f f e r e n t i a l  thermal a n a l y s i s  (DTA) exper iments ,  
a d i a b a t i c  s e l f - h e a t i n g  (ASH) experiments ,  f i b e r - o p t i c  s t u d i e s  of t h e  
combustion zone,  d e p r e s s u r i z a t i o n  experiments i n  a v a r i a b l e  volume 
b u r n e r ,  and t h e  beginning  of p r e s s u r i z a t i o n  exper iments  i n  a smal l  
volume burne r .  
Lower D e f l a g r a t i o n  Limi t  ( p  Studies 
DL 
Because of t h e  importance of surface-coupled h e a t  r e l e a s e  f a c t o r s  
i n  t h e  t r a n s i e n t  burn ing  r a t e  regime, an  exper imenta l  de t e rmina t ion  of 
t h e  e f f e c t  of p r o p e l l a n t  composition on t h e  lower d e f l a g r a t i o n  p r e s s u r e  
l i m i t  (pDL) w a s  under taken .  The i n i t i a l  s t u d i e s  on t h e  burn ing  r a t e  
were made wi th  a modified Crawford s t r and  bu rne r .  While t h e  burn ing  
r a t e  was determined by convent iona l  t echn iques ,  t h e  l o w e r  l i m i t  f o r  
combustion was monitored us ing  a pho toce l l  t o  d e t e c t  burn ing  a s  t h e  
pressure was s lowly lowered ( t h e  d e p r e s s u r i z a t i o n  r a t e  was about  
0 . 7  p s i k c ) .  
The i n i t i a l  i n v e s t i g a t i o n s  were concerned wi th  composite p r o p e l l a n t s  
based on t w o  d i f f e r e n t  b i n d e r s ,  polybutadiene a c r y l i c  a c i d  a c r y l o n i t r i t e  
(PBAN) and polyure thane  (PU) , and two d i f f e r e n t  o x i d i z e r s ,  ammonium 
p e r c h l o r a t e  (AP) and potassium pe rch lo ra t e  (KP) . (The i n f l u e n c e  of a 
c a t a l y s t ,  Fe203,  and of aluminum was a l s o  s tud ied . )  A modified composite 
p r o p e l l a n t ,  N i t r a so l ,  was a l s o  examined. The p r o p e l l a n t  fo rmula t ions  
s t u d i e d  are d e t a i l e d  i n  Table  I .  
Burning ra te  p l o t s  f o r  PBAN p r o p e l l a n t s  w i th  v a r i a b l e  o x i d i z e r  
l o a d i n g  a r e  g iven  i n  F i g .  4 .  Figure  5 i s  t h e  p l o t  f o r  p r o p e l l a n t s  
c o n t a i n i n g  K P  and N i t r a s o l .  I t  i s  r e a d i l y  apparent  t h a t  t h e  c l a s s i c a l  
e q u a t i o n  r = a p  does  no t  s a t i s f a c t o r i l y  r e p r e s e n t  t h e  burn ing  r a t e  n 
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Table I 
PROPELLANT FORMULATIONS 
Formulation 
PBAN 103 
PBAN 285 
PBAN 286 
PBAN 287 
PBAN 288 
PBAN 289 
PBAN 290 
PBAN 291 
PBAN 292 
PBAN 293 
PBAN 294 
PBAN 295 
PBAN 109 
PU 144 
NIT 101 
PBAN 244 
PBAN 284 
Oxi d i  z e r  
80 "4c104 
80 NH4C104  
80 NH4C104 
80 NH4C104 
80 NH4C104  
72 .5  NH4c104 
70 . O  NH4C104 
67.5 NH4C104  
65.0 NH4C104 
84 NH4C10, 
86 NH4C10 ,  
88 N H 4 C 1 0 4  
80 KP 
80 KP 
35 NH4C104 
79 NH4c104 
79.5 NH4C10,  
Weight Percentages  
A 1  - 
7 . 5  
10 .o 
1 2 . 5  
15 . O  
15 .O 
Binder  
20 
1 9 . 5  
19 .c: 
18.5  
18 .O 
20 .o  
20 .o  
20 . o  
20 .o  
16 .O 
14 .O 
12 .o  
20 
20 
50 
20 
20 
B a 11 i s t i c Modi f i e r 
0 . 5  Fe,03 
1 . O  k'e,O, 
1 . 5  Fe,03 
2 . 0  Fe,O, 
1 LiF 
0 . 5  SrCO, 
PBAN = Polybutadiene a c r y l i c  a c i d  a c r y l o n i t r i l e  b i n d e r  
PU = Polyurethane b i n d e r  
N I T  = N i t r a s o l  double base  b i n d e r  
I .o 
V 
I 
.- 0.1 -2 
I 
Il 
[L 
0.01 
- I l l l l  
- I 1  - -
- - 
- 
- 
0 PBAN 293 84% N&C104 P a =  0.94psia 
A PBAN 294 86% NH4C104 & =  1.16 psia 
- 
- - 
1.0 
u 
c 
I .- 0.1 
cc 
0.01 
I IO IO0 
P- psia 
FIG. 4 BURNING RATES FOR OXIDIZER VARIATIONS 
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FIG. 5 BURNING RATES FOR POTASSIUM PERCHLORATE PROPEL.LANTS 
AND NITRASOL 
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much below 60 p s i a .  
p r o p e l l a n t s .  ) 
(The d e v i a t i o n s  appear  t o  be g r e a t e r  w i t h  aluminized 
Summerf i e lda l  has proposed t h a t  t h e  equa t ion  
1 - a  b - - - + -  
r p p1/3 
is  more app l i cab le  from t h e o r e t i c a l  c o n s i d e r a t i o n s .  
p r e s s u r e  range from 1 kg/cma t o  140 kg/cm2, whereas our s tudy  ex tends  
t h e  range t o  0.08 kg/cm2. 
He cons idered  t h e  
The Summerfield equa t ion  can be expressed  as  
and a p l o t  of l o g  p/r ve r sus  l o g  p should  g ive  a s t r a i g h t  l i n e .  
F ig .  6 ,  the burn ing  r a t e  d a t a  f o r  one p r o p e l l a n t  from each v a r i a t i o n  
s tudy  are p l o t t e d .  
and N&C104 v a r i a n t s  appear t o  be about t h e  same a s  w i t h  r = a p  . 
burning r a t e  of ca t a lyzed  p r o p e l l a n t s  appea r s  t o  be desc r ibed  b e t t e r  a t  
a l l  p re s su res  by t h e  Summerfield e q u a t i o n .  
In 
The d e v i a t i o n s  a t  lower p r e s s u r e s  f o r  t h e  aluminum 
The 
n 
P-psia 
FIG. 6 SUMMERFIELD BURNING RATE 
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TC-5517-5 
Lower d e f l a g r a t i o n  p r e s s u r e s  were measured i n  t h e  s t r a n d  bomb u s i n g  
a p h o t o c e l l  t o  d e t e c t  e x t i n c t i o n .  The output v o l t a g e s  of t h e  pho toce l l  
and a p r e s s u r e  t r ansduce r  were recorded on an  o s c i l l o g r a p h .  The lower 
d e f l a g r a t i o n  p r e s s u r e  (pDL) w a s  taken a s  t h e  p r e s s u r e  a t  which t h e  
p h o t o c e l l  ou tput  became z e r o  d u r i n g  a s t eady  p res su re  dec rease .  About 
20 seconds were r equ i r ed  f o r  t h e  pressure  t o  drop from 14 .4  p s i a  t o  
0.3 p s i a .  Dupl ica te  r u n s  were made with each p r o p e l l a n t ,  and t h e  d a t a  
obta ined  are l i s t e d  i n  Table 11. One of t h e  s t r i k i n g  f e a t u r e s  of t hese  
d a t a  i s  t h e  remarkable cons i s t ency  of t h e  lower d e f l a g r a t i o n  p res su re  
f o r  PBAN p r o p e l l a n t s  c o n t a i n i n g  ammonium p e r c h l o r a t e .  Var i a t ion  of AP 
from 80% t o  86%, aluminum from 0% t o  15%, and i r o n  oxide from 0% t o  2% 
d i d  not  change t h e  lower d e f l a g r a t i o n  p r e s s u r e  i n  t h e  range from 0 .94  p s i a  
t o  1.58 p s i a .  
I n  view of t h e  inva r i ance  of NI&C104 p r o p e l l a n t s  w i th  r ega rd  t o  
o t h e r  o x i d i z e r s  and b inde r s  were i n v e s t i g a t e d .  The use of K P  
p ~ ~ l  
raises p t o  about 24 p s i a .  S u r p r i s i n g l y ,  a change from PBAN t o  PU 
b i n d e r  w i th  KP o x i d i z e r  r e s u l t e d  i n  a p r o p e l l a n t  t h a t  d i d  n o t  burn 
below 64 p s i a ;  a change t o  N i t r a s o l  p r o p e l l a n t  c o n t a i n i n g  b o t h  aluminum 
and AP gave a pDL i n  t h e  same range a s  t h a t  found f o r  o t h e r  p r o p e l l a n t s  
c o n t a i n i n g  AP. 
DL 
Another p o s s i b l e  method of changing p i s  by c a t a l y s i s .  Numerous DL 
i n v e s t i g a t o r s  have documented t h e  e f f e c t s  of such ra te  d e p r e s s a n t s  a s  
l i t h i u m  f l u o r i d e  and potassium f l u o r i d e .  Ciepluchao r e p o r t e d  t h a t  
potassium f l u o r i d e  made e x t i n c t  i o n  e a s i e r ,  whereas a b inder  change from 
polybutadiene acry l ic  a c i d  (PBAA) t o  PU d i d  n o t  i n f l u e n c e  e x t i n c t i o n  
under h i s  exper imenta l  c o n d i t i o n s .  
l i t h i u m  f l u o r i d e  and s t ron t ium carbonate d i f f e r s  only s l i g h t l y  from p 
f o r  p r o p e l l a n t s  not c o n t a i n i n g  these  i n g r e d i e n t s .  
f o r  p r o p e l l a n t s  ca t a lyzed  wi th  p~~ 
DL 
A number of m a t e r i a l s  n o t  u sua l ly  cons idered  as  catalysts were t e s t e d  
i n  t h e  s t r a n d  burn ing  bomb t o  determine t h e i r  e f f e c t i v e n e s s  i n  changing 
t h e  lower d e f l a g r a t i o n  p r e s s u r e s  of bo th  PBAN and PU p r o p e l l a n t  formula- 
t i o n s ;  t h e  only o x i d i z e r  used was AP. The r e l a t e d  fo rmula t ions  and 
measured lower d e f l a g r a t i o n  l i m i t s  a r e  given i n  Table 111. 
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T a b l e  I1 
LOWER DEFLAGRATION PRESSURES 
Formula t ion  
PBAN 103 
PBAN 293 
PBAN 294 
PBAN 295 
PBAN 289 
PBAN 290 
PBAN 291 
PBAN 292 
PBAN 285 
PBAN 286 
PBAN 287 
PBAN 288 
PBAN 109 
P U  144 
N I T  101 
PBAN 244 
PBAN 284 
V a r i a b l e  
80% N H , C ~ O ,  
84% NH,C104 
86% NH4C1O4 
88% NH4C10, 
7.5% V.M. H-322 A 1  
10.0% V.M. H-322 A 1  
12.5% V.M. H-322 A 1  
15.0% V.M. H-322 A 1  
0 . 5 %  R-5098 Fe,03 
1.0% R-5098 Fe ,O ,  
1.5% R-5098 Fe,03 
2.0% R-5098 Fe,03 
807; KP/PBAN B i n d e r  
80% KP/PU B i n d e r  
15% A l / N i t r a s o l  B i n d e r  
1% L i F  
0.5% S r C O ,  
P r e s s u r e ,  p s i a  
1 .os 
0.94 
1.16 
1.36 
1.58 
1.39 
1.35 
1 .41 
1.09 
1.29 
1.25 
1.27 
>24.4 
>64.4 
1.90 
2.10 
1.40 
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Formulat ion 
PBAN 296 
PBAN 297 
PBAN 298 
PBAN 299 
PBAN 300 
PBAN 301 
PBAN 302 
PBAN 303 
PBAN 305 
PBAN 306 
PBAN 308 
PU 145 
pu 145m 
Table 111 
PROPELLANT COMBUSTION DATA 
C a t a l y s t  
1% ZnO 
1% Cr20 , /T i02  (100/1) 
1% C r 2 0 3  /TiO, (100/0 ~ 5 )  
1% Cr203/Ti0, (100/0.25) 
1% NiO/TiO,  (100/1) 
1% AgC104 
1% CUC1(C1O4 ) 
1% TeOz 
2% CU(C104),* 
2% CUCl  (C10,) * 
1% n-Butyryl Ferrocene 
1% Cu0202P 
1% L i F  
1.5% Fe20, 
Oxid izer  
AP, SOX, 
AP, 80%, 
AP, SO%, 
AI?: SOX). 
AP, 80%, 
AP, SO%, 
AP, 80%, 
AP, 80%. 
API 80%, 
AP, SO%, 
A R ,  80%, 
7 0 / 3 0 .  UG/llp 
7 0 / 3 0 ,  UG/11p 
70/30, !JG/llp 
7 0 / 3 O  ~ U G / 1  lp, 
70 / ’30  U W l l p  
7 0 / 3 0 ,  UG/llp 
7 0 / 3 0 ,  U G / l l p  
70/30; UG/1 lp 
7 0 / ’ 3 0 ,  UG/llp 
7O/’30, U G / 1  lp 
7 0 / 3 0 ,  UG/llp 
AP. 70/30-UG/llp, 80% 
High-puri ty  AP 70/30- 
UG/llp. 80% 
AP 70/30-1JG/ll~,  80% 
AP 70/30-UG/llp, 80% 
AP 7 0 / 3 0 - U G / ’ l l ~ ,  78.570 
P 
DL 
0 , 7 7  
0 . 4 3  
0 . 8 9  
0 66 
0 , 8 5  
0 . 4 3  
0 . 3 1  
0 . 6 2  
0 .83  
1 .37  
0 . 5 4  
1 .69  
1 . 1 2  
1 .55  
1 .49  
1 . 3 6  
Solu t ion-coa ted  on the 70% unground AP. 
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Cer ta in  of t h e s e  c a t a l y s t s  were coa ted  on t h e  AP by a f l u i d i z e d  
bed technique .  The copper p e r c h l o r a t e  w a s  prepared by r e a c t i n g  CuO 
with  70.8% p e r c h l o r i c  a c i d  s o l u t i o n  and p r e c i p i t a t i n g  t h e  copper per -  
c h l o r a t e  from t h e  s a t u r a t e d  s o l u t i o n .  Copper ch lo rope rch lo ra t e*  was 
prepared  by t h e  r e a c t i o n  of s i l v e r  p e r c h l o r a t e  wi th  anhydrous c u p r i c  
c h l o r i d e ,  as descr ibed  by B a i l l i e  e t  a l . 2 a  
wi th  t i t an ium d iox ide  w a s  prepared by t h e  method desc r ibed  by Solymosi. 
The chromic oxide doped 
83 
Burning rate d a t a  were not ob ta ined  f o r  p r o p e l l a n t s  c o n t a i n i n g  
1% TeQ , 2% CuCl(C1Q 1 ,  or 2% Cu(C1Q )a , s i n c e  obse rva t ions  du r ing  
mixing suggested t h a t  t h e s e  fo rmula t ions  w e r e  u n s t a b l e  ( i . e . ,  t h e  mix tu res  
became h ighly  v i scous  and changed c o l o r ) .  Molar r a t i o s  of CraO3  t o  
T i %  were va r i ed  from 100/0.25 t o  100/1. 
I t  i s  perhaps s i g n i f i c a n t  t h a t  Cu(C104)a and CuCl(C104) a t  t h e  2% 
l e v e l  appeared t o  i n c r e a s e  p f o r  PBAN 305 and PBAN 306. These ca t a lys t s  
were added by c o a t i n g  t h e  70% unground AP f r a c t i o n  by a s o l u t i o n - c o a t i n g  
method employing ace tone .  The comparison of t e c h n i c a l  grade and high- 
p u r i t y  AP i n  t h e  polyurethane fo rmula t ions .  PU 145 and PU 145M showed 
t h a t  p was lower f o r  t h e  p r o p e l l a n t  c o n t a i n i n g  h igh-pur i ty  AP. 
DL 
DL 
D i f f e r e n t i a l  T h e r m a l  Analys is  (DTA) of P r o p e l l a n t s  
The t h e o r e t i c a l  combustion model t h a t  has  been developed a t  S R I  
p r e d i c t s  a s i z e a b l e  i n f l u e n c e  of surface-coupled hea t  r e l e a s e  on t h e  
t r a n s i e n t  burn ing  behavior .  The p r e s e n t  DTA s t u d i e s ,  combined with 
mass spec t rographic  a n a l y s i s  of gaseous decomposition p roduc t s ,  were 
used t o  d i f f e r e n t i a t e  between gas-phase r e a c t i o n s  and so l id-phase  r e a c t i o n s  
t h a t  might occur du r ing  t h e  decomposition of ammonium p e r c h l o r a t e  and 
potassium pe rch lo ra t e  based p r o p e l l a n t s .  These s t u d i e s  were performed 
a t  a s e r i e s  of p r e s s u r e s  ranging  from 1 t o  70 atmospheres.  
A M ' A  c e l l  designed t o  ope ra t e  a t  e l e v a t e d  p r e s s u r e s  w a s  f a b r i c a t e d ;  
i t s  d e t a i l e d  c o n s t r u c t i o n  i s  shown i n  F ig .  7.  The ce l l  is f i t t e d  with 
s a f e t y  rup tu re  diaphragms. The gaseous decomposition products  can ,  when 
~ ~~ * 
Copper ch lo rope rch lo ra t e  is unique i n  t h a t  i t  i s  r e a d i l y  s o l u b l e  i n  
o rgan ic  compounds. 
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FIG. 7 HIGH-PRESSURE DTA C E L L  
d e s i r e d ,  be ducted t o  an  a n a l y t i c a l  mass spec t rometer .  I n  t h e  s t u d i e s  
performed, a quadrupole r e s i d u a l  gas ana lyze r  ( E l e c t r i c a l  Assoc ia t e s  
Inco rpora t ed ,  Quad 210) w a s  used. 
I n i t i a l  experiments were c a r r i e d  out a t  atmospheric p r e s s u r e .  The 
f i rs t  p o i n t  t o  be i n v e s t i g a t e d  w a s  t h e  e f f e c t  of AP p u r i t y  on t h e  DTA 
of AP. 
p u r i t y  A P  ana lyzed ,  a s  i n d i c a t e d  i n  Table I V .  I t  i s  seen t h a t  t e c h n i c a l -  
grade AP g ives  a n  i n i t i a l  decomposition exotherm a t  325'C which does 
F igure  8 shows t h e  DTA r e s u l t s  on t echn ica l -g rade  and high- 
not  appea r  on the  DTA curve for high-pur i ty  AP. 
I n  F ig .  9 ,  t h e  DTA r e s u l t s  comparing t h e  behavior  of h igh -pur i ty  
and t echn ica l -g rade  AP i n  a polyurethane p rope l l an t  c o n t a i n i n g  75% AP 
are g iven .  The DTA responses  a r e  almost i d e n t i c a l .  
c o n t a c t  w i th  t h e  polyure thane  binder caused t h e  exothermic response t o  
I t  appea r s  t h a t  
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Table IV 
COMPARISON OF TECHNICAL GRADE 
AND HIGH-PURITY AMMONIUM PERCHLORATE 
NY, C 10, 
N H ,  C 1  
NaC103 
Sulphated Ash 
I n s o l u b l e  
T o t a l  Moisture 
Metal Oxide (Nonalka l i )  
PH 
I r o n  as  Fe 
Tr i c re s y  lphospha t e 
Na 
K 
~ ~ 
High-Purity 
% 
99.8 
0.02  
Trace 
Trace 
.002 
0.079 
0.001 
5 
-- 
-- 
5 PPm 
4 PPm 
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Te c hnica  1- Grade 
% 
99.3 
0.10 
.007 
0.33 
0.109 
0.048 
-- 
6 
.0002 
0 .20  
175 
55 
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FIG. 9 DIFFERENTIAL THERMAL ANALYSIS OF AMMONIUM PERCHLORATE PROPELLANTS 
be t h e  same i n  both h igh-pur i ty  and technica l -grade  AP. One p o s s i b l e  
reason  f o r  t h i s  i s  t h e  s o l u b i l i t y  of AP i n  t h e  b inder  and subsequent 
c a t a l y t i c  e f f e c t  of b inder  i m p u r i t i e s .  Another may be t h e  presence 
of exothermic s u r f a c e  r e a c t i o n s  i n  the  s o l i d  phase between t h e  b inder  
and A P .  
F i g u r e s  10 and 11 show t h e  DTA thermograms f o r  p r o p e l l a n t s  made 
from technica l -grade  AP and high-puri ty  AP, t h e  v a r i a b l e  being t h e  
l a c k  or presence of FeAA as a binder-curing c a t a l y s t .  The b inder  i s  
made from a hydroxy-terminated polybutadiene (PBD) c r o s s  l i n k e d  with 
TDI. The p r o p e l l a n t  formula t ion  i s  given i n  Table V .  An equiva lence  
r a t i o  f o r  diol/ tr iol/NCO of 75/25/107 was used i n  t h e  b inde r .  
The presence of FeAA i n  t h e  propel lan t  c o n t a i n i n g  technica l -grade  
AP a s  a c u r i n g  c a t a l y s t  c l e a r l y  causes t h e  predecomposition exotherm 
and t h e  f i n a l  exotherm t o  occur  a t  a lower tempera ture ,  perhaps as much a s  
3OoC lower. 
a d d i t i o n  of Fe does n o t  a p p e a r  t o  be a s i g n i f i c a n t  v a r i a b l e .  
When h igh-pur i ty  AP i s  used i n  t h e  same formula t ion ,  t h e  
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The DTA thermograms i n  F ig .  12 show the  i n t e r a c t i o n  of t e c h n i c a l -  
grade and h igh-pur i ty  AP w i t h  polypropylene g lyco l  (PPG) 2025, t h e  b a s i c  
i ng red ien t  of many polyure thane  fo rmula t ions .  Although t h e  predecompo- 
s i t i o n  exotherms are d i f f e r e n t ,  both i n d i c a t e  apprec i ab le  r e a c t i o n  
exotherms before  d e f l a g r a t i o n  occur s .  On t h e  b a s i s  of these data ,  t h e r e  
i s  l i t t l e  l i k e l i h o o d  t h a t  h igh -pur i ty  Ap can be used i n  a fo rmula t ion  
con ta in ing  P P G  2025 (good commercial q u a l i t y )  t o  e l i m i n a t e  t h e  predecom- 
p o s i t i o n  exotherms; however, i t  appea r s  t o  s i g n i f i c a n t l y  decrease t h e  
peak temperature of t h e  exotherm (from 38OoC t o  32OOC). 
I t  i s  d e s i r a b l e  t o  t r y  t o  de lay  t h e  exotherm o c c u r r i n g  a f t e r  t h e  
c r y s t a l  change endotherm i n  AP t o  as h igh  a tempera ture  as p o s s i b l e .  
S ince  a l l  b inde r s  seemed t o  cause t h e  onse t  of t h e  exotherm a t  lower 
tempera tures ,  i t  appeared t h a t  a compatible c o a t i n g  on t h e  o x i d i z e r  
might give t h e  d e s i r e d  s e p a r a t i o n  t o  p reven t  b inde r /ox id ize r  i n t e r a c t i o n s .  
Accordingly, both technica l -grade  and h igh -pur i ty  AP were coa ted  w i t h  
3% by w e i g h t  of Viton Aa4 and 3% of v i n y l s i l o x a n e .  
thermograms a r e  shown i n  F igs .  13 and 14. Both delayed t h e  pre- 
decomposition exotherm of t echn ica l -g rade  AP by only 10°C. 
caused the  e a r l y  exotherm noted w i t h  o t h e r  b i n d e r s  i n  c o n t a c t  with 
h igh-pur i ty  AP, a l though v i n y l s i l o x a n e  d i d  lower t h e  exotherm t o  35OoC 
and Viton A t o  395 C from a high of 41OoC f o r  t h e  u n t r e a t e d  c o n t r o l  
sample. I n  p r o p e l l a n t s ,  n e i t h e r  t r ea tmen t  w a s  e f f e c t i v e  on t e c h n i c a l -  
grade AP. 
The r e s u l t i n g  
Nei ther  
0 
The thermograms f o r  a hydroxy-terminated PBD p r o p e l l a n t  c o n t a i n i n g  
70% technica l -grade  AP are shown i n  F ig .  15. Since t h e  v iny l - s i loxane  
c o a t i n g  was easier t o  apply and made a more f l u i d  p r o p e l l a n t ,  i t  w a s  
formulated i n t o  a PBD p r o p e l l a n t  c o n t a i n i n g  70% h igh-pur i ty  AP. The 
thermograms i n  F ig .  16 show t h a t  t h e ' o n s e t  of t h e  exotherm appea r s  t o  
be d i sp laced  almost 50 C h ighe r  t h a n  f o r  t h e  sample c o n t a i n i n g  uncoated 
AP . 
0 
In  Fig. 17 ,  burn ing  ra te  curves  are shown f o r  t h e  p r o p e l l a n t s  l i s t e d  
i n  Table V I .  Note t h a t  p r o p e l l a n t s  c o n t a i n i n g  2.5% v i n y l s i l o x a n e  were 
tested w i t h  t h e  a d d i t i v e  as a c o a t i n g  on t h e  AP and as a f r e e  a g e n t .  
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Table V I  
PROPELLANT COMPOSITIONS FOR COATED OXIDIZER STUDY 
Formulation (a )  Oxidizer  
PBD 170 
PBD 170M 
PBD 175 
PBD 175M 
PBD 183 
80 HPAP'~) 
80 AP 
80 HPAP 
80 HPAP 
80 AP 
(a)70% as  rece ived ,  30% l l k  ground. 
(b)HPAP = high-puri ty  ammonium pe rch lo ra t e .  
( C ) s o l u t i o n  coated on a l l  AP. 
2 0  
17.5  
17.5 
17.5 
Since t h e  coa ted  AP p rope l l an t  e x h i b i t s  t h e  h igher  burning ra te ,  it i s  
p o s s i b l e  t h a t  t h e  energy r e l e a s e  and temperature p r o f i l e s  have been 
modified by t h e  suppression of i n t e r f a c i a l  heterogeneous r e a c t i o n s .  
These changes may be r e f l e c t e d  i n  the h igher  burning r a t e ,  s i n c e  the  
v iny l s i loxane  d id  not func t ion  a s  a c a t a l y s t  when d ispersed  i n  the  con- 
vent i o n a l  manner . 
With t h e  background data e s t a b l i s h e d  f o r  ammonium pe rch lo ra t e  a t  
a tmospheric  p re s su re ,  t h e  in f luence  of pressure  on DTA thermograms was 
next  s t u d i e d  f o r  a s p e c i a l l y  prepared p rope l l an t .  This  p rope l l an t  
conta ined  70% by weight of t h e  highly p u r i f i e d  ammonium pe rch lo ra t e  and 
30% by weight of a s p e c i a l l y  p u r i f i e d  hydroxy-terminated PED-based 
b inde r  prepared from a PBD polymer (PBD R-45, S i n c l a i r  Petrochemicals)  
and to luene  d i i socyana te .  (The choice of h ighly  p u r i f i e d  i n g r e d i e n t s  
is  c r i t i c a l  f o r  t h e  c l ean  sepa ra t ion  of t h e  observed exotherms.) 
This  special p rope l l an t  w a s  s tudied i n  t h e  DTA ce l l  a t  p re s su res  
up t o  70 atmospheres (1000 p s i a ) ,  and the  d a t a  obtained are shown i n  
Fig.  18. A t  p r e s su res  up t o  2 5  atmospheres (350 p s i a ) ,  two o r  more 
exotherm peaks occur ;  the  f i r s t ,  from 350°C t o  36OoC, i s  una f fec t ed  by 
(C) 2 . 5  v iny l s i loxane  
2 . 5  v iny l s i loxane  
2 .5  v iny l  si loxane 
(not  coa t  e d 
(C) 
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44 
pressure  change, but  a s  t he  pressure  is  increased  above 25 atmospheres] 
t he  exotherms appear  a t  success ive ly  l o w r  temperatures  u n t i l  a t  34 
atmospheres (500 p s i a ) ,  only one d e f l a g r a t i o n  exotherm i s  recorded.  
To ga in  a d d i t i o n a l  information t h a t  would he lp  e x p l a i n  observed 
phenomena, t he  DTA sample c a p i l l a r y  was swept with a carr ier  gas 
(n i t rogen)  which was sampled cont inuously through t h e  quadrupole r e s i d u a l  
gas  a n a l y s e r .  This  instrument  uses  a quadrupole and r f  e l e c t r i c  f i e l d  
for m a s s  a n a l y s i s ,  and provides  a rapid response of about 10 mi l l i s econds  
when scanning t h e  mass range 0-50. All tests were done a t  atmospheric 
p re s su re  i n  o rde r  t o  o b t a i n  maximum sepa ra t ion  of t h e  exotherms. Any 
gaseous decomposition products  were cont inuously monitored a s  t he  sample 
temperature inc reases .  The gas t r a n s i t  t i m e  through the  hot sampling 
c a p i l l a r y  w a s  approximately one second, whereas t h e  du ra t ion  of a t y p i c a l  
exotherm w a s  on t h e  o rde r  of f o u r  minutes;  t h u s  for a l l  p r a c t i c a l  purposes ,  
sample a n a l y s i s  was ins tan taneous .  G a s  sampling da ta  f o r  t he  production- 
grade AP (which d id  no t  con ta in  a n  an t i cak ing  agent)  are given i n  Table 
V I I .  L i t t l e  gas evo lu t ion  occurred u n t i l  t he  d e f l a g r a t i o n  exotherm 
commenced above 40OoC. 
moles/100 grams sample) came of f  dur ing  the  pre-decomposition exotherm. 
It can be concluded, t h e r e f o r e ]  t h a t  t h i s  i s  p r imar i ly  a sol id-phase 
exotherm r e s u l t i n g  from decomposition or r e a c t i o n  of t r a c e  contaminants ;  
sodium c h l o r a t e  i s  a l i k e l y  candida te]  
-6 
A very s l i g h t  amount of oxygen ( l e s s  than  10  
NaC103 _t NaC104 + 
Other u n i d e n t i f i e d  organic  contaminants introduced dur ing  p repa ra t ion  of 
ammonium pe rch lo ra t e  may a l s o  con t r ibu te  t o  t h i s  pre-def lagra t ion  
exot  herm . 
R e l a t i n g  t h e  d a t a  on the  f i r s t  exotherm t o  t h e  observed t r e n d s  i n  
behavior  shown f o r  t h e  p rope l l an t  i n  F ig .  18, i t  is  surmised t h a t ,  over  
t h e  i n t e r v a l  of 15  p s i a  t o  350 p s i a ,  p re s su re  s e n s i t i v i t y  causes  t h e  
t r a i l i n g  exotherms t o  move t o  lower temperatures  u n t i l  a t  500 p s i a ,  t h e  
gas-phase r e a c t i o n s  predominate. 
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Table V I 1  
Spec ies  Detected 
a t  a t  
31OoC 46OoC 
H20+ 
N 2  
NO' 
+ 
+ 
Trace O2 0, 
HC1+ 
Nz Of 
MASS SPECTROGRAPHIC 
GAS ANALYSIS OF PRODUCTION GRADE 
Mass t o  Charge Ra t io  
m /e 
18 
28 
30 
32 
36 
44 
By using t h e  known endotherm of 2.3 kcal/mole f o r  t h e  ammonium 
perchlora te  c rys ta l  changea6 ( i d e n t i f i e d  as  the  DTA endotherm a t  240' C) , 
i t  i s  f e a s i b l e  t o  e s t ima te  t h e  percentage of t o t a l  hea t  release con- 
t r i b u t e d  by t h e  sol id-phase exotherm. Since n e i t h e r  t he  endotherm nor  
exotherm i s  a s s o c i a t e d  wi th  the  genera t ion  of any gases  (which would 
r e s u l t  i n  mass changes and hea t  t r a n s p o r t ) ,  it i s  considered permiss ib le  
t o  relate t h e  a r e a s  beneath the  endotherm and exotherm of t h e  DTA thermo- 
gram t o  t h e  amounts of hea t  r e l e a s e d  or absorbed." Thus, t h e  thermogram 
a t  atmospheric pressure  i n d i c a t e s  t h a t  t h e  condensed-phase r e a c t i o n  
hea t  r e l e a s e  f o r  t h e  p rope l l an t  s t u d i e d  i s  0.172 kcal /g .  This  is  
approximately 18% of t h e  t o t a l  hea t  release dur ing  explos ion ,  0 .94 kca l /g ,  
as measured i n  a ca lo r ime te r .  
The experimental  r e s u l t s  f o r  t h e  special K P  p rope l l an t  are shown 
i n  Fig.  19, and t h e  r e l a t e d  gas a n a l y s i s  d a t a  are given i n  Table V I I I .  
The d a t a  for  t h e  f i r s t  exotherm a t  between 36OoC and 368'C e s t a b l i s h e d  
t h a t  hardly any gas evolved,  o t h e r  t han  t race amounts of water and 
carbon dioxide.  Thus, t h e  f i r s t  exotherm i s  appa ren t ly  a condensed- 
phase r e a c t i o n  l i t t l e  a f f e c t e d  by p res su re .  S i g n i f i c a n t  gas  evo lu t ion  
i s  as soc ia t ed  with t h e  o the r  exotherms. 
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Table V I 1 1  
MASS SPECTROGRAPHIC GAS ANALYSIS OF 
70/30 HIGH-PURITY AP/PBD PROPELLANT 
1 
- 
Species D e t e c t e d  
y 5 -  
I 
POSSIBLE SOLID 
PHASE REACTION 
I- 
Q 
0 
-5 I 1 
a t  
3 6 O o C  
- 
- 
+ 
T r a c e  H,O 
-F 
Trace CO, 
a t  
4 1 O o C  
~ 
+ 
H2 
C +  
+ + 
NH , CH, 
H, O+ 
c2 
CN+ 
HCN+ 
0 2  
+ + 
+ 
NO , CHZO 
+ 
HCL+, c, 
.t 
co2 
Mass t o  C h a r g e  R a t i o  
m /e 
2 
12 
15 
18 
24 
26 
27 
30  
32 
36 
44 
47 
I t  i s  o f  s i g n i f i c a n c e  t h a t  DTA thermograms f o r  potassium p e r c h l o r a t e  
and potassium p e r c h l o r a t e  p r o p e l l a n t s  showed only  a d e f l a g r a t i o n  
exotherm. Even a l i b e r a l  estimate of t h e  h e a t  release a s s o c i a t e d  with 
sol id-phase r e a c t i o n s  i n  t h e  p r o p e l l a n t  would n o t  be above 5% of t h e  
t o t a l  h e a t  of e x p l o s i o n .  
A c t i v a t i o n  Energy Determina t ion  by t h e  A d i a b a t i c  Se l f -Heat ing  (ASH) 
Te c hniq ue 
The e f f e c t  of f o r m u l a t i o n a l  v a r i a b l e s  on t h e  a c t i v a t i o n  e n e r g i e s  
for exothermic so l id-phase  h e a t  r e l e a s e  from s o l i d  p r o p e l l a n t s  h a s  been 
i n v e s t i g a t e d  by t h e  a d i a b a t i c  s e l f - h e a t i n g  (ASH) technique .ae  I n  t h i s  
method, a p r o p e l l a n t  sample of approximately one gram i s  h e a t e d  r a p i d l y  
i n  a n  aluminum block  t o  t h e  tempera ture  a t  which s e l f - h e a t i n g  b e g i n s .  
The environmental  t empera ture  is t h e n  c o n t i n u o u s l y  changed t o  f o l l o w  
t h e  temperature  of t h e  s e l f - h e a t i n g  sample. Under t h e s e  c o n d i t i o n s ,  
t h e  rate of r e a c t i o n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  r a t e  of  tempera ture  
change. Assuming t h a t  t h e  r a t e  of r e a c t i o n  is given by a n  Arrhenius  
e x p r e s s i o n ,  t h e n  
-EH/RT 
(11) 
dT - = Be 
d t  
A graph of I n  dT/dt v e r s u s  1/T w i l l  be l i n e a r  w i t h  a s l o p e  e q u a l  t o  
E$R. 
21 ,  and 22. The f o r m u l a t i o n a l  v a r i a b l e  i n  t h i s  case was t h e  b i n d e r  
s p e c i e s .  PBD and PU b i n d e r s  d i f f e r  p r i m a r i l y  i n  t h e  degree  of un- 
s a t u r a t i o n  i n  t h e  backbone polymer. These b i n d e r s  a r e  chemica l ly  p u r e ,  
i n  t h a t  i n h i b i t o r s  and metal l ic  c a t a l y s t s  w e r e  n o t  used and by-product 
chemica ls  l e f t  over  from manufac tur ing  are a t  a minumum. The PBAN 
b i n d e r  i s  r e l a t i v e l y  impure,  i n  t h a t  i t  c o n t a i n s  such chemica ls  as  
s u l f u r ,  phenyl-b-naphthylamine ( a n t i o x i d a n t ) ,  ace ty l -d imethyl -benzyl  
ammonium c h l o r i d e  ( e m u l s i f i e r ) ,  and u n r e a c t e d  a c r y l o n i t r i l e .  
Examples of d a t a  t r e a t e d  i n  t h i s  manner a r e  shown i n  F i g s .  20 ,  
With PBD and W b i n d e r s ,  t h e  r e a c t i o n  ra te  f i t s  t h e  Arrhenius  form 
from s e l f - h e a t i n g  r a t e s  of 2OC p e r m i n u t e  through 3OoC p e r  minute ,  a t  which 
r a t e  t h e  r e a c t i o n  proceeded fas ter  t h a n  t h e  e x t e r n a l  tempera ture  could  
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FIG. 20 ARRHENIUS PLOT FOR ADIABATIC SELF-HEATING 
OF POLYURETHANE PROPELLANT 
be maintained.  With t h e  PBAN binder ,  t h e  d a t a  d e v i a t e  from the s t r a i g h t -  
l i n e  r e l a t i o n s h i p  a t  dT/dt va lues  below 10" per  minute. S imi l a r  behavior  
with ammonium pe rch lo ra t e  decomposition d a t a  i s  a t t r i b u t e d  by Inami e t  a l .  
t o  t h e  r e a c t i o n  be ing  a u t o c a t a l y t i c  i n  n a t u r e ,  and appropr i a t e  k i n e t i c  
equa t ions  were developed t o  compensate for t h i s  f a c t .  Such a c o r r e c t i o n  
29 
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FIG. 21 ARRHENIUS PLOT FOR ADIABATIC SELF-HEATING 
OF PBD PROPELLANT 
lowers the apparent  a c t i v a t i o n  e n e r g i e s  for p r o p e l l a n t s  e x h i b i t i n g  
a u t o c a t a l y t i c  behavior as opposed t o  t h e  value obtained when t h e  hea t ing  
r a t e  i s  high enough for t h e  r e a c t i o n  rate t o  be f i t t e d  by an  Arrhenius  
equa t ion .  I t  i s  f e l t  t h a t  t h i s  more p r e c i s e  de te rmina t ion  of a c t i v a t i o n  
e n e r g i e s  for the  PBAN binder  p r o p e l l a n t s  w i l l  no t  change t h e  conclus ions  
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FIG. 22 ARRHENIUS PLOT FOR ADIABATIC SELF-HEATING 
OF PBAN PROPELLANT 
t o  be made concern ing  t h e  e f f e c t  o f  t h e  f o r m u l a t i o n  v a r i a b l e s  s t u d i e s .  
Consequent ly ,  t h e  data p r e s e n t e d  were a l l  d e r i v e d  from E q .  11. 
P r o p e l l a n t  samples were hea ted  very  r a p i d l y  t o  a n  i n i t i a l  self- 
h e a t i n g  tempera ture  which w a s  predetermined by h e a t i n g  s lowly u n t i l  a n  
exothermic  r e a c t i o n  occurred .  This  tempera ture  was observed t o  be 
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d i f f e r e n t  f o r  each b inder .  
whereas PU and PBD b inde r s  s t a r t e d  a t  245OC and 279'C r e s p e c t i v e l y .  
A summary of the  a c t i v a t i o n  e n e r g i e s  determined from the  ASH experiments  
i s  given i n  Table I X .  
PBAN b inde r s  started t o  exotherm a t  235OC, 
There are a number of formulat ion v a r i a b l e s  t h a t  cause a s i g n i f i -  
can t  lowering of t h e  a c t i v a t i o n  energy f o r  t h e  i n i t i a t i o n  of su r face -  
coupled r eac t ions .  Binder chemical composition and p u r i t y  appear  t o  
cause a major r educ t ion  i n  a c t i v a t i o n  energy.  Another s u r p r i s i n g  change 
w a s  noted when d i f f e r e n t  p a r t i c l e  d i s t r i b u t i o n s  of u l t r a p u r e  ammonium 
perchlora te  were used. In  PBD b i n d e r ,  t h e  a c t i v a t i o n  energy w a s  lowered 
from 30.9 Kcal/mole t o  19 .1  Kcal/mole, when t h e  o x i d i z e r  gr ind  distri- 
but ion  was changed from a bimodal blend con ta in ing  material ground t o  
11 microns t o  e i ther  a d i s t r i b u t i o n  con ta in ing  only as-received material 
w i t h  a n  average p a r t i c l e  diameter of 150 microns or t o  a unimodal d i s -  
t r i b u t i o n  w i t h  an  average p a r t i c l e  diameter of 50 microns.  The reason  
f o r  t h i s  is not  r e a d i l y  apparent .  The same e f f e c t  was observed f o r  
production-grade ammonium pe rch lo ra t e  i n  t h e  polyurethane b inde r  but  not 
i n  t h e  PBAN binder .  Another v a r i a b l e  of s i g n i f i c a n c e  w a s  t h e  a d d i t i o n  
of aluminum which reduced t h e  a c t i v a t i o n  energy i n  a PU binder  from 
35.5 Kcal/mole t o  28.3 Kcal/mole. 
Formulation changes which produced l i t t l e  o r  no change i n  t h e  
a c t i v a t i o n  energy f o r  s o l i d  phase r e a c t i o n s  w i t h  PBD and PU b inde r s  
were t h e  add i t ion  of l i t h ium f l u o r i d e  o r  t h e  use of u l t r a p u r e  ammonium 
pe rch lo ra t e  versus  t h e  product ion grade.  Both of t hese  v a r i a b l e s  d id  
change s l i g h t l y  t h e  a c t i v a t i o n  energy i n  PBAN b inde r s .  
Fiber-opt ic  S tud ie s  of t h e  So l id  P rope l l an t  Combustion Zone 
The use  of f i b e r  o p t i c s  i n  conjunct ion  w i t h  high-speed photography 
provides  a t o o l  f o r  t h e  s tudy  of t h e  mic ros t ruc tu re  i n  the  combustion 
zone j u s t  above t h e  burning propel lan t  su r f ace .  The test motor used 
i n  t h i s  study i s  shown i n  F ig .  23. The upper h a l f  of t h e  motor c o n t a i n s  
a s i n g l e  viewing por t  which  i s  used when s e l f - i l l u m i n a t i o n  from t h e  
flame zone i s  being photographed. The lower ha l f  of t h e  motor con ta ins  
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Table I X  
SUMMARY OF ASH EXPERIMENTAL RESULTS 
A .  E f f e c t  of Binder on Ac t iva t ion  Energy 
Binder Composition EH (Kcal/mole) 
PBD 
PU 
PBAN 
Formulation: 56% AP (- 150 P AR*) 
24% AP (ground t o  11 P) 
20% Binder 
B. E f f e c t  of P a r t i c l e  Size on Act iva t ion  Energy 
PBD Prope l l an t s  
AP P a r t i c l e  S ize  Di s t r ibu t ion  
56% Ampot Ultrapure (- 150 P) 
24% Ultrapure (ground t o  11 P) 
80% Ul t rapure  (- 150 IL) 
80% Ul t rapure  (ground t o  75 P) 
P U  and PBAN P r o p e l l a n t s  
AP P a r t i c l e  S ize  Di s t r ibu t ion  
33.7 
35.5 
25.2 
EH (Kcal/mole) 
30.9 
19 .1  
23.3 
EH (Kcal/mole) 
PU - PBAN -
35.4 25.2 
29.6 25.0 
56% (- 150 p AR) 
24% (ground t o  11 CL) 
80% (- 150 P AR) 
80% (ground t o  50P) 30.5 24.2 
C .  E f f e c t  of Aluminum on Act iva t ion  Energy 
Formula t i on 
56% AR 
20% PU Binder 
49% AR 
21% 11P 
10% RE 1-131 A l ,  6P 
20% PU Binder 
24% l l ~  
EH (Kcal/mole) 
35.5 
28.3 
* 
AR = production-grade ammonium pe rch lo ra t e ,  a s  r ece ived .  
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D.  Effect  of Binder Loading on Ac t iva t ion  Energy 
AP P a r t i c l e  S ize  D i s t r i b u t i o n  EH (Kcal/mole) 
56% 
2 4% 
2 0% 
42% 
18% 
40% 
U 1  t r apure  
1w 
Binder 
U l t r a  pure 
11P 
Binder I 
30.9 
28.3 
E. Ef fec t  of Lithium Fluor ide  (LF) on Ac t iva t ion  Energy 
n 
AP P a r t i c l e  S ize  D i s t r i b u t i o n  
56% AR 
24% l l p  
56% AR 
24% l l P  
1% LF 
F. Ef fec t  of AP P u r i t y  on Ac t iva t ion  Energy 
AP Content.  S i ze .  and Puritv 
U 1  t r apure  
Production Grade 
n 
H (Kcal/mole) 
PU PBAN 
35.5 25.2 
35.0 29.2 
E 
H (Kcal/mole) 
PBAN -PU - 
28.0 29.0 
30.4 24.1 
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two opposed viewing p o r t s  which are used when back l igh t ing  i s  r e q u i r e d ;  
e . g . ,  f o r  s c h l i e r e n  or shadow photography. Pyrex f i b e r  o p t i c s  which 
are  1/8 i n ,  i n  diameter  are screwed i n t o  t h e  viewing p o r t s ;  a high-speed 
camera i s  used t o  view t h e  burning su r face  as  it  recedes  pas t  t h e  f i b e r  
o p t i c .  
The t r a n s i e n t  e x t i n c t i o n  a n a l y s i s  p r e d i c t s  t h a t  surface-coupled 
r e a c t i o n s  ( i . e . ,  hea t  release a t  or near  t h e  su r face )  have a profound 
e f f e c t  upon t h e  t r a n s i e n t  behavior .  The e x i s t e n c e  of important hea t  
release phenomena i n  the  v i c i n i t y  of t h e  su r face  i s  c l e a r l y  shown 
experimental ly  by t h e  series of photographs presented  i n  t h e  fo l lowing  
pages. 
Figure 24 i s  a shadowgraph of a p rope l l an t  con ta in ing  80% ammonium 
perchlora te  and 2w0 polyurethene.  The chamber pressure  f o r  t h i s  test  
was 185 ps i a ,  and t h e  back l igh t ing  w a s  provided by a mercury arc  lamp. 
The sequence of p i c t u r e s  shown i s  taken from a movie f i l m  shot  a t  8500 
frames per second; t h e  f i r s t  f o u r  frames r ep resen t  e v e n t s  0.235 msec 
a p a r t  i n  t i m e  and t h e  l a s t  frame fo l lows  t h e  f o u r t h  by 0.118 msec. 
Frame ( a )  shows t h e  emergence of an  AP c r y s t a l  above the  burning su r face .  
In  frame ( b ) ,  i g n i t i o n  i s  c lear ly  seen t o  occur on two f a c e s  of t h e  
c r y s t a l ;  combustion then  cont inues  u n t i l  u l t i m a t e l y ,  i n  frame ( e ) ,  a 
f i n a l  burning b i t  i s  seen  t o  leave t h e  s u r f a c e .  This  p a r t i c u l a r  c rys t a l  
i s  somewhat a t y p i c a l ,  a s  i t s  diameter  i s  about 400 microns,  but  smaller 
c r y s t a l s  which a r e  more d i f f i c u l t  t o  observe should behave i n  a 
s imi la r  manner. 
Figures  25 and 26 show t h e  i g n i t i o n  and subsequent p a r t i a l  combustion 
of aluminum p a r t i c l e s  a t  t h e  burning s u r f a c e .  
contained 5% aluminum by m a s s .  The framing ra te  w a s  8500 pe r  second, 
g iv ing  0.118 msec between frames;  t h e s e  p i c t u r e s  were obtained without 
backl ight ing .  Frame ( a )  of both f i g u r e s  shows a glowing aluminum p a r t i c l e ,  
about 50 microns i n  d iameter ,  i n  p lace  on t h e  p rope l l an t  s u r f a c e .  I g n i t i o n  
occurs  i n  frame ( b ) ,  and i n  frame ( c ) ,  t h e  burning p a r t i c l e  i s  seen t o  
leave  t h e  su r face .  
This  p a r t i c u l a r  p rope l l an t  
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FIG. 24 FIBER-OPTIC SHADOWGRAPH SHOWING THE DEFLAGRATION OF AMMONIUM 
PERCHLORATE AT THE SURFACE OF A BURNING SOLID PROPELLANT 
57 
330 microns 
( b  1 
TA- 58 18-96 
FIG. 25 FIBER-OPTIC VIEW OF THE IGNITION OF ALUMINUM PARTICLES 
AT THE SURFACE OF A BURNING SOLID PROPELLANT 
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FIG. 26 FIBER-OPTIC VIEW OF THE IGNITION OF ALUMINUM PARTICLES 
AT THE SURFACE OF A BURNING SOLID PROPELLANT 
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The sequences i n  these  two f i g u r e s  are r e p r e s e n t a t i v e  of many t h a t  
are observed du r ing  a t y p i c a l  test .  The fact  t h a t  aluminum i g n i t i o n  
occurs  a t  t h e  su r face  i s  very  i n t e r e s t i n g ,  because the  temperature of 
approximately 1000°K i n  t h i s  reg ion  i s  fa r  below t h e  2300'K i g n i t i o n  
po in t  of aluminum i n  oxygen. Thus, i g n i t i o n  must be induced by i n t e r -  
mediate products  o f . t h e  pe rch lo ra t e  decomposition process .  
For t h e  p i c t u r e s  i n  t h i s  series, t h e  burning aluminum provided i t s  
own i l l umina t ion .  The p a r t i c l e  diameter  w a s  es t imated  from both i t s  
image s i ze  a t  t h e  p rope l l an t  su r f ace  upon i g n i t i o n  and from p a r t i c l e s  
t h a t  condensed upon t h e  f i b e r  o p t i c  a t  or before t h e i r  i g n i t i o n .  A t  
515 p s i a  chamber p re s su re ,  most p a r t i c l e s  w e r e  observed t o  i g n i t e  a t  
t h e  sur face  of t he  p rope l l an t .  The p ro jec t ed  images of t h e  p a r t i c l e  
traces were measured as i n d i c a t e d  i n  Fig.  27. A f t e r  i g n i t i o n ,  a j e t  
was formed above the  su r face  , composed of t h e  aluminum combust ion products .  
A f t e r  combustion has  proceeded f o r  a long  enough t i m e  t o  reduce t h e  mass 
of t h e  p a r t i c l e  t o  the  poin t  where i t s  weight i s  equal  t o  t h e  aerodynamic 
d rag  force  exe r t ed  on i t ,  t h e  burning p a r t i c l e  i s  observed t o  f l y  o f f  
PARTICLE IMAGE UPON IGNITION 
PROPELLANT SURFACE 
APPARENT DIAMETER 
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FIG. 27 MEASUREMENT OF ALUMINUM PARTICLE DIAMETER 
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t h e  su r face .  I n  several i n s t a n c e s ,  l a rge  d r o p l e t s  of aluminum i n  t h e  
size range of 40 microns t o  60 microns were observed t o  glow red  hot  
j u s t  before  i g n i t i n g .  
The p i c t u r e  sequences provided u s  w i t h  a means of e s t i m a t i n g  t h e  
r a t i o  of observed p a r t i c l e  diameters  before  and a f t e r  i g n i t i o n .  The 
measured luminous diameters were co r rec t ed  by t h i s  r a t i o .  The r e s u l t i n g  
p a r t i c l e  size d i s t r i b u t i o n s  are p lo t t ed  i n  Fig.  28 as  histograms. The 
d a t a  from both methods of a n a l y s i s  i n d i c a t e  t h a t  over 75% of t h e  observed 
s u r f a c e  i g n i t i o n s  occur when t h e  aluminum p a r t i c l e  diameter l i e s  i n  
t h e  range from 20 microns t o  50 microns. 
The s i z e  of t h e  p a r t i c l e s  of aluminum added du r ing  process ing  was 
6 microns;  the  presence of t h e  l a r g e r  p a r t i c l e s  observed may be a t t r i -  
bu tab le  t o  t h e  aluminum agglomeration phenomenon r epor t ed  by Crump 
and o t h e r  i n v e s t i g a t o r s .  A t  t h e  burning p rope l l an t  s u r f a c e ,  t he  tempera- 
t u r e  l i e s  i n  t h e  range of 850°K t o  900°K where t h e  small  p a r t i c u l a t e  
aluminum has j u s t  reached i t s  melt ing po in t  (933 K). Under the  in f luence  
of the  buoyant gas  j e t s  from burning AP c rys t a l s ,  molten aluminum p a r t i c l e s  
move about i n  a random manner, w i t h  c o l l i s i o n s  caus ing  agglomeration, 
u n t i l  t h e  p r e f e r r e d  diamter of 20 microns t o  50 microns i s  reached. I n  
t h i s  size range ,  the  aluminum agglomerate ex tends  upward i n t o  a much 
h igher  temperature  reg ion  of t h e  combustion zone. 
30 
0 
Experimental  m e a ~ u r e m e n t s ~ ~  by flame pyrometry have ind ica t ed  t h a t  
i n  t he  su r face  reg ion ,  t h e  temperature rises from a su r face  value of 
about  850°K t o  t h e  equi l ibr ium flame temperature of 2200'K with in  about 
100 microns of t h e  sur face .  With t h i s  temperature  p r o f i l e ,  one would 
suspec t  t h a t  t h e  p re fe r r ed  agglomerate p a r t i c l e  diameter f o r  i g n i t i o n  
would be  even l a r g e r  than  t h a t  measured exper imenta l ly ,  s i n c e  i g n i t i o n  
tempera tures  f o r  aluminum i n  oxygen atmospheres have been r epor t ed  t o  
be above 2000'K. 
s u r f a c e  undoubtedly p l ays  a major ro l e  i n  t h e  i g n i t i o n  process .  
However, t h e  a c t u a l  gas  composition a t  t h e  p rope l l an t  
Bes ides  oxygen and t h e  conventional combustion products  from t h e  
burn ing  hydrocarbon b inder  (CO, C G ,  &O), t h e  combustion gases  a l s o  
c o n t a i n  AP decomposition products .  These inc lude  Cia, HC1,  H C l Q ,  N&, 
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FIG. 28 APPARENT DIAMETER OF ALUMINUM PARTICLES AT IGNITION 
and numerous o t h e r  o x i d i z i n g  s p e c i e s .  I t  i s  r e a s o n a b l e  t o  s u s p e c t  t h a t  
t h e  i g n i t i o n  tempera ture  of aluminum would be c o n s i d e r a b l y  lowered i n  
such a gaseous atmosphere.  More recent  measurements of t h e  flame 
t h i c k n e s s  by Tour in ,  39 Waesche, 33 and P o v i n e l l i  , '' u s i n g  more s o p h i s t i c a t e d  
t e c h n i q u e s ,  i n d i c a t e  t h a t  t h e  flame t h i c k n e s s  i s  n e a r e r  t o  1OOOP. This  
makes it even more l i k e l y  t h a t  i g n i t i o n  o c c u r s  through chemical a t t a c k  
by s p e c i e s  o t h e r  t h a n  oxygen, s i n c e  t h e  p a r t i c l e s  are i n  a r e g i o n  where 
t h e  tempera ture  is  c o n s i d e r a b l y  less t h a n  2 0 0 O O K .  
S o l i d  P r o p e l l a n t  Response During D e p r e s s u r i z a t i o n  
During t h e  program, t w o  t y p e s  of d e p r e s s u r i z a t i o n  s t u d i e s  were per-  
formed i n  which t h e  c h a r a c t e r i s t i c  r a t e s  d i f f e r e d  by two o r d e r s  of 
magnitude. The f i r s t  exper imenta l  t echnique ,  called t h e  " v a r i a b l e  
volume" t e c h n i q u e ,  used an end-burning charge a s s o c i a t e d  wi th  a p i s t o n -  
d r i v e n  expans ion  p r o c e s s .  The second, or "rap id  expans ion ,  " t echnique  
used t h e  same c h a r g e ,  b u t  t h e  p i s t o n  was r e p l a c e d  by a r u p t u r e  diaphragm 
of t h e  same diameter  as t h e  charge .  In  t h e  v a r i a b l e  volume expansion 
exper iments  dp/dt ra tes  t o  20,000 p s i / s e c  were a t t a i n e d  by r a p i d l y  re- 
l e a s i n g  a p i s t o n  t h r e e  i n c h e s  i n  diameter  which conta ined  t h e  nozz le  
r e q u i r e d  for m a i n t a i n i n g  t h e  chamber p r e s s u r e .  An end-burning charge  
was u s e d  t o  f a c i l i t a t e  high-speed photography (2000 frames p e r  second) 
of t h e  p r o p e l l a n t  s u r f a c e  d u r i n g  d e p r e s s u r i z a t i o n .  (A ske tch  of t h i s  
a p p a r a t u s  i s  shown i n  F ig .  2 9 . )  The expanded g a s e s  were dumped i n t o  
a vacuum t a n k  which c o n t a i n e d  a n i t r o g e n  atmosphere.  
The r a p i d  expans ion  exper iments  were done i n  t h e  same chamber by 
b u r s t i n g  a diaphragm of t h e  same diameter .  (This  a p p a r a t u s  i s  shown i n  
F ig .  30.) 
i n  t h i s  manner. These t w o  t y p e s  of a p p a r a t u s  allowed d e p r e s s u r i z a t i o n  
rates v a r y i n g  from t h o s e  f o r  which the  g a s e s  were i n  thermodynamic equi -  
l i b r i u m  d u r i n g  t h e  expansion t o  those  f o r  which t h e  gases  approached 
pure a d i a b a t i c  .expansion. 
D e p r e s s u r i z a t i o n  rates up t o  one m i l l i o n  p s i / s e c  were achieved  
63 
64 
ST DIAPHRAGM 
ASS 12 mil, 3 in. d i o . )  
I/4 -20 6 BOLT CIRCLE 4 1/4 in. dio. 
CHAMBER VOLUME 25 i n 3  
3 in. dio. BORE T -  
I n g r e d i e n t s ,  Wt % 
NH,C10, Polyurethane Addit ive 
B i  nde r 
rpI- w r - s  \I  in. dia. QUARTZ WINDOW 
FIG. 30 TEST CHAMBER FOR RAPID EXPANSION 
Lower Def lagra t ion  
L i m i t ,  ps ia  
The p rope l l an t  formula t ions  used i n  both experiments a r e  l i s t e d  
i n  Table X. Lower d e f l a g r a t i o n  l i m i t s  ( p  ) were measured by t h e  tech-  
nique descr ibed  previous ly .  S t rand  burning ra tes  over t he  pressure  range 
from p to 1500 p s i a  a r e  shown i n  Figs.  31-33. PU 185 and PU 193 
w e r e  formulated t o  have a s  near  t he  same burning rate a s  exper imenta l ly  
f e a s i b l e .  However, i n  PU 185, a b a r r i e r  was placed between b inder  and 
o x i d i z e r  t o  reduce the  percentage of hea t  r e l e a s e  i n  the  s o l i d  phase. 
DTA thermograms show t h a t  t h i s  b a r r i e r  causes  t h e  f i r s t  d e f l a g r a t i o n  
exotherm of t h e  p rope l l an t  conta in ing  coated pe rch lo ra t e  t o  be d isp laced  
about 50°C h igher .  
be easier t o  ex t ingu i sh  than PU 193. PU 174,  a lower burning ra te  
p r o p e l l a n t ,  w a s  added a s  a c o n t r o l .  
DL 
DL 
I t  could the re fo re  be expected t h a t  PU 185 should 
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One of t h e  f i r s t  f a c t s  a r i s i n g  from the  variable-volume experiments  
a t  low dp/dt ra tes  w a s  t h a t  extinguishment i s  more a func t ion  of t h e  
p re s su re  i n  the  vacuum dump tank than of t h e  r a t e  of dep res su r i za t ion .  
Since t h i s  environmental  p ressure  s ink was more e a s i l y  c o n t r o l l e d  a 
series of "go, no-go" experiments  were conducted t o  determine whether 
t h e r e  was a d i f f e r e n c e  i n  t h e  ease  of e x t i n g u i s h a b i l i t y  between the  
formula t ions  being i n v e s t i g a t e d .  The r e s u l t s  obtained are l i s t e d  i n  
Table X I .  A s  p r ed ic t ed ,  both higher burning r a t e  p r o p e l l a n t s  r equ i r ed  
more s t r i n g e n t  cond i t ions  t o  ex t inguish  i . e . ,  exposure t o  a lower ambient 
p re s su re .  This  was a l s o  ind ica t ed  by t h e  lower d e f l a g r a t i o n  l i m i t s  
measured f o r  t hese  p rope l l an t s .  The d i s t i n c t i o n  between p r o p e l l a n t s  con- 
t a i n i n g  coated A P  and those conta in ing  noncoated A P  with near ly  t h e  
same burn ing  ra tes  was not  apparent from these  experiments.  Thus, both 
P U  193 and P U  185 r e i g n i t e d  a f t e r  10  seconds.  The nonextinguishment 
p re s su res  were 4.9 p s i a  versus  5 .2  p s i a .  The most obvious conclusion 
i s  t h a t  t he  b a r r i e r  placed between t h e  b inde r  and ox id ize r  was i n e f f e c t i v e ,  
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Table X I  
RESULTS OF EXTINGUISHABILITY TESTS 
Propel lan t  
Type 
PU 174 
PU 174 
PU 174 
PU 174 
PU 193 
PU 193 
PU 193 
PU 193 
PU 193 
PU 193 
PU 185 
PU 185 
PU 185 
PU 185 
PU 185 
PU 185 
PU 185 
Chamber 
P res su re ,  
p s i a  
T e s t  
No. 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
31 
32 
33 
34 
35  
36 
37 
* 
Reigni ted a f t e r  10  sec. 
E = e x t i n c t i o n  
TE = t r a n s i e n t  e x t i n c t i o n  
NE = no e x t i n c t i o n  
53 0 
600 
500 
570 
850 
925 
688 
450 
46 5 
470 
800 
750 
1000 
750 
3 50 
420 
44 5 
Vacuum 
Tank 
P r e s s u r e ,  
p s i a  
9 . 8  
5 .4  
7 . 8  
9.3 
0 . 1  
5 . 9  
3 . 2  
4 .4  
6 . 1  
5 .2  
5.4 
8.3 
6 . 1  
4 . 9  
4 .9  
6 . 5  
4 . 4  
I n i t i a l  
dp/dt , 
p s i  Sec 
16 , 500 
20,000 
18,000 
19 , 250 
30 , 000 
32,500 
21,900 
13 , 750 
16,250 
14,500 
27,500 
30,000 
32,500 
26 ,900 
13,500 
16,000 
15,800 
Resu l t s  
NE 
E 
E 
TE 
E 
TE 
E 
E 
NE 
TE 
E 
NE 
TE 
E 
TE 
NE 
TE 
* 
or t h a t  the s e l e c t e d  v a r i a b l e  ( su r face  hea t  r e l e a s e )  i s  of minor i m -  
por tance i n  comparison t o  burning ra te  a s  a v a r i a b l e .  
Another f a c t o r  complicat ing t h i s  experimental  technique w a s  r e i g n i t i o n ,  
which w a s  a l s o  found t o  be r e l a t e d  t o  the  pressure  i n  t h e  vacuum tank  
and the re fo re  cannot be separa ted  as  a n  independent v a r i a b l e .  As the  
p re s su re  i n  t h e  vacuum tank w a s  decreased t o  success ive ly  lower va lues ,  
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t h e  t i m e  e l a p s i n g  u n t i l  r e i g n i t i o n  occur s  w a s  found t o  i n c r e a s e ,  u n t i l  
a vacuum t a n k  p r e s s u r e  w a s  r eached  i n  which r e i g n i t i o n  d i d  no t  t a k e  
p l a c e .  
I n  a n  a t t e m p t  t o  s e p a r a t e  ext inguishment  and r e i g n i t i o n  phenomena, 
f u r t h e r  expe r imen t s  were made t o  determine by shadowgraph photography 
t h e  p r e s s u r e  a t  which ex t ingu i shmen t  occur red .  To make p i c t u r e s  of t h i s  
t y p e ,  t h e  p r o p e l l a n t  combustion gases  must be t r a n s p a r e n t .  PU 174 i s  
such a p r o p e l l a n t ,  and t h e  b a c k l i g h t  used was a mercury lamp. Shadow- 
g raphs  of t h e  p r o p e l l a n t  s u r f a c e  were t a k e n  d u r i n g  t h e  dp/dt  e v e n t  a t  
2000 f r a m e d s e c .  I n  F i g s .  34-36, t h e  p re s su re - t ime  c u r v e s  are g i v e n  
f o r  t h r e e  dp/dt r u n s  a t  i n c r e a s i n g l y  lower dump t a n k  p r e s s u r e s .  Non- 
e x t i n c t i o n  w a s  a t t a i n e d  w i t h  t h e  vacuum t a n k  a t  a tmosphe r i c  p r e s s u r e .  
The p r e s s u r e s  a t  which g a s  e v o l u t i o n  from t h e  s u r f a c e  c e a s e d ,  a s  shown 
by t h e  shadowgraphs,  are no ted  on the  p re s su re - t ime  c u r v e s .  The s t a r t i n g  
chamber p r e s s u r e  w a s  h e l d  a s  close t o  500 p s i a  as p o s s i b l e .  I n  e a c h  
r u n ,  t h e  i n s t a b i l i t y  t h a t  developed somewhat below 100 p s i a  i s  caused  
by t h e  d r i v e r  p i s t o n  compressing gas a t  t h e  o p p o s i t e  end of t h e  combustion 
chamber and bouncing back u n t i l  t h e  g a s  i s  r e l i e v e d  a t  t h e  ven t  h o l e .  
The e f f e c t  i s  a m p l i f i e d  i n  t h e  o s c i l l o g r a m s ,  because a l o g  a m p l i f i e r  
i s  used  t o  g ive  h i g h e r  r e s o l u t i o n  a t  lower p r e s s u r e s .  
The shadowgraph d a t a  i n d i c a t e  t h a t  m a s s  f l ow from p r o p e l l a n t  PU 174 
b u r n i n g  a t  500 p s i a  chamber p r e s s u r e  a t  d e p r e s s u r i z a t i o n  rates unde r  
30,000 p s i / s e c  ceases b e f o r e  t h e  chamber p r e s s u r e  r e a c h e s  t h e  p r e s s u r e  
of t h e  vacuum dump t a n k .  T h i s  e x t i n c t i o n  p r e s s u r e  is  a p p r e c i a b l y  above 
t h e  lower d e f l a g r a t i o n  l i m i t  p r e s s u r e ,  i . e . ,  35 p s i a  v e r s u s  3.3 p s i a .  
When t h e  dump t a n k  p r e s s u r e  i s  ra i sed ,  a back p r e s s u r e  i s  r eached  a t  
which e x t i n c t i o n  no  l o n g e r  o c c u r s .  In t h i s  r e g i o n ,  t r a n s i e n t  r e i g n i t i o n  
o c c u r s ,  and t h i s  i s  a l s o  dependent upon t h e  p r e s s u r e  i n  t h e  vacuum dump 
t a n k .  The shadowgraph t a k e n  under  t h e s e  c o n d i t i o n s  ( F i g .  35) i n d i c a t e s  
t h a t  mass a d d i t i o n  s topped  a t  3 0  p s i a .  
The d i f f e r e n c e  i n  e x t i n c t i o n  p r e s s u r e s  i s  n o t  very c o n c l u s i v e ,  and 
i t  may be due t o  e x p e r i m e n t a l  error.  One f a c t o r  t h a t  may have i n f l u e n c e d  
t h e  r e s u l t s  w a s  t h a t  t h e  d r i v e r  p i s t o n  impacted on t h e  end of t h e  d r i v e r  
chamber,  c a u s i n g  t h e  combustion chamber p r e s s u r e  t o  o s c i l l a t e  b e f o r e  
69 
._ o 1015 
515 
DRIVER PISTON IMPACTS 
GAS EVOLUTION FROM 
SURFACE STOPS, 3 5  psi0 
COMPLETE 
W 
3 
v) 
v) 
U 
u 65 
w 35 
a 
25 
' VACUUM TANK'PRESSURE J IO  lpsio' ' I I l l  I I  
- (5) =30,000 psi/sec -  INITIAL - 
0 20 40 60 80 100 
TIME -msec rii-5577-46 
FIG. 34 SHADOWGRAPH EXTINCTION PRESSURE FOR PU 174 
IN VARIABLE VOLUME dp/dt BURNER 
\ l 1 I ) l  1 1  1 
VACUUM TANK PRESSURE 1 14.7 psi0 ' 
01015 - - 
- 
- 
- 
DRIVER PISTON IMPACTS - 
GAS EVOLUTION FROM 
SURFACE STOPS, 30 psi0 - 
TRANSIENT EXTINCTION 
PROPELLANT REIGNITED - a 
0 20 40 80 
r4-557 7-4 7 T I M E  -msec 
FIG. 35 SHADOWGRAPH EXTINCTION PRESSURE FOR PU 174 
IN VARIABLE VOLUME dp/dt BURNER 
= 3500 psi/sec 
I IN IT IAL 
I 40 
W DRIVER PISTON IMPACTS 
- - 
- 
STOPS, 8 psi0 PROPELLANT 
EXTINCTION COMPLETE 
- 
40 60 
CK 
3 
v) 
CK 
2 20 - 
a 
0 '  ' 
0 20 
TA- 5577- 45 TIME - rnsec 
FIG. 36 SHADOWGRAPH EXTINCTION PRESSURE FOR PU 185 
VARIABLE VOLUME dp/dt BURNER 
70 
e x t i n c t i o n  occurred. There i s  a l s o  t h e  problem of measuring combustion 
p res su res  i n  t h e  range 500 p s i a  t o  0 p s i a .  On a l i n e a r  s c a l e ,  s e n s i -  
t i v i t y  a t  the  lower pressure  end was very poor ,  and t h e  e x t i n c t i o n  
p res su re  could not be measured within f 20 p s i a .  U s e  of t h e  l o g  a m -  
p l i f i e r  provided improved d iscr imina t ion  a t  t h e  lower pressure  end, 
bu t  measurements wi th in  2 ps i a  were d i f f i c u l t  t o  ob ta in .  Ex t inc t ion  
experiments  conducted a t  a lower chamber p re s su re  gave somewhat t he  
same r e s u l t s ,  a s  Fig.  36 i n d i c a t e s .  PU 185 ceased t o  give o f f  mass 
a t  8 p s i a  i n  comparison t o  the  lower d e f l a g r a t i o n  l i m i t  of 2 . 8  p s i a .  
Ex t inc t ion  tests were a l s o  ca r r i ed  out u t i l i z i n g  t h e  r ap id  expansion 
technique (F ig .  21,  dur ing  which the escaping  gases  approached pure 
a d i a b a t i c  cond i t ions .  I n  every  case ,  a l l  p r o p e l l a n t s  ex t inguished  a t  
atmospheric p re s su re .  A simple c a l c u l a t i o n  of t h e  coo l ing  e f f e c t  du r ing  
an a d i a b a t i c  expansion of t h e  combustion gases  from 500 p s i a  t o  10 p s i a  
shows t h a t  t h e  r e s u l t a n t  temperature,  1200 K ,  i s  apprec iab ly  above t h e  
i g n i t i o n  temperature  of t h e  propel lan t .  I t  is t h e r e f o r e  improbable t h a t  
an  a d i a b a t i c  expansion can exp la in  t h e  experimental  e x t i n c t i o n  r e s u l t s .  
A more l i k e l y  cause of e x t i n c t i o n  i s  t h e  change i n  en tha lpy  of t h e  pro- 
p e l l a n t  su r f ace  and t h e  l a g  t i m e s  i n  readjustment  of t h i s  temperature  
p r o f i l e  t o  f i t  t h e  equi l ibr ium burning ra te  a s s o c i a t e d  with each pressure .  
Thus, a t  high p res su re ,  t h e  temperature p r o f i l e  w i th in  t h e  g r a i n  i s  steeper,  
and less hea t  i s  s t o r e d  i n  the  propel lan t  su r f ace .  A s  t he  p re s su re  i s  
r a p i d l y  lowered, more hea t  i s  required i n  t h e  su r face  l a y e r  t o  e s t a b l i s h  
t h e  equ i l ib r ium temperature required t o  main ta in  t h e  burning rate a t  
t h e  new p res su re .  Since hea t  conduction i s  a r e l a t i v e l y  slow process ,  
enough hea t  cannot be accumulated under t h e  cond i t ions  of r a p i d  de- 
p r e s s u r i z a t i o n ,  and e x t i n c t i o n  occurs. 
0 
The experiments  d i scussed  above show t h a t  i t  i s  very d i f f i c u l t  
t o  i n f e r  t h e  d e t a i l s  of t h e  t r a n s i e n t  burning rate behavior  from the  
t r a n s i e n t  p re s su re  behavior  du r ing  t h e  d e p r e s s u r i z a t i o n  process ,  because 
t h e  mass a d d i t i o n  from t h e  propel lan t  s u r f a c e  du r ing  the  t r a n s i e n t  process  
i s  small compared t o  t h e  mass of gas i n  t h e  chamber. These cons ide ra t ions  
l e d  t o  t h e  p r e s s u r i z a t i o n  experiments descr ibed  i n  the  fo l lowing  para- 
graphs.  
7 1  
S o l i d  P r o p e l l a n t  Response During P r e s s u r i z a t i o n  
To s tudy  p r o p e l l a n t  r e l a x a t i o n  phenomena e x p e r i m e n t a l l y ,  it i s  
necessary  t o  induce a r a p i d  p r e s s u r e  change between t w o  p r e s s u r e  l e v e l s  
t h a t  correspond t o  s u b s t a n t i a l l y  d i f f e r e n t  s t e a d y - s t a t e  burn ing  rates.  
The t r a n s i e n t  t i m e  of t h e  p r e s s u r e  change must be s h o r t  i n  comparison 
t o  t h e  character is t ic  p r o p e l l a n t  response  t i m e ,  so t h a t  t h e  p r o p e l l a n t  
a r r i v e s  a t  t h e  new p r e s s u r e  l e v e l  with a thermal  p r o f i l e  cor responding  
t o  t h e  o r i g i n a l  p r e s s u r e  l e v e l .  The d i f f e r e n c e  i n  s t e a d y - s t a t e  b u r n i n g  
rates a t  t h e  two p r e s s u r e  l e v e l s  must b e  l a r g e  enough t o  r e p r e s e n t  a 
s i g n i f i c a n t  change i n  t h e  s t e a d y - s t a t e  thermal  p r o f i l e  d e p t h .  S ince  
t h e  burning rate behavior  can only  be monitored i n d i r e c t l y  by moni tor ing  
t h e  chamber p r e s s u r e ,  t h e  f r e e  volume must be minimized. This  w i l l  e n s u r e  
t h a t  t h e  p r o p e l l a n t  mass added d u r i n g  t h e  t r a n s i e n t  p r o c e s s  is  a n  
a p p r e c i a b l e  f r a c t i o n  of t h e  mass p r e s e n t  i n  t h e  volume a t  t h e  o n s e t  of 
t h e  process .  Under t h e s e  c o n d i t i o n s ,  one can  determine t h e  t r a n s i e n t  
b u r n i n g  rate behavior  from t h e  r e c o r d  of t h e  t r a n s i e n t  chamber p r e s s u r e .  
E i t h e r  a r a p i d  i n c r e a s e  or d e c r e a s e  i n  t h e  p r e s s u r e  l e v e l  w i l l  
produce the d e s i r e d  r e s u l t .  An i n c r e a s e  i n  p r e s s u r e  l e v e l  w i l l  l e a d  
t o  a t r a n s i e n t  overshoot  i n  t h e  p r e s s u r e ,  whereas a decrease  w i l l  l e a d  
t o  a n  undershoot .  To o b t a i n  a r a p i d  p r e s s u r e  change whi le  keeping  a 
minimal f r e e  volume, a n  i n c r e a s e  i n  p r e s s u r e  l e v e l  i s  t h e  easier t o  
a p p l y  exper imenta l ly .  Combustion i s  i n i t i a l l y  e s t a b l i s h e d  a t  low 
p r e s s u r e ,  fol lowed by t h e  i m p o s i t i o n  of a r a p i d  p r e s s u r e  i n c r e a s e .  
A t  the beginning  of t h i s  exper imenta l  phase of t h e  program, i t  
w a s  decided t o  impose t h e  p r e s s u r e  i n c r e a s e  by c l o s i n g  t h e  ( s m a l l )  
volume and a l l o w i n g  t h e  p r o p e l l a n t  t o  p r e s s u r i z e  i t s e l f  t o  t h e  d e s i r e d  
new l e v e l .  A burner  shown i n  F i g .  37 w a s  f a b r i c a t e d  w i t h  two n o z z l e s .  
The two nozz les  t o g e t h e r  were designed t o  e s t a b l i s h  t h e  i n i t i a l  l o w -  
p r e s s u r e  o p e r a t i n g  p o i n t .  The smaller n o z z l e  was des igned  t o  provide 
t h e  pressure  l e v e l  d e s i r e d  a f t e r  p r e s s u r i z a t i o n .  The sequence of 
exper imenta l  e v e n t s  was : 
1. With both n o z z l e s  open, t h e  p r o p e l l a n t  w a s  i g n i t e d  by a 
h o t  w i r e  i g n i t e r .  
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2 .  A f t e r  i g n i t i o n  was e s t a b l i s h e d  on t h e  e n t i r e  s u r f a c e  of 
t h e  p r o p e l l a n t  and s t e a d y - s t a t e  o p e r a t i o n  i s  a t t a i n e d ,  
t h e  molybdenum probe was e x p l o s i v e l y  a c t u a t e d  t o  c l o s e  
t h e  l a r g e  n o z z l e .  
HOT WIRE PRESSURE 
IGNITER TRANSDUCER 
LOW PRESSURE 
NOZZLE 
MOLYBDENUM PROBE 
HIGH PRESSURE NOZZLE 
PULSE UNIT 
TA- 5577- 51  
FIG. 37 BURNER FOR STUDYING PROPELLANT RESPONSE 
TO A RISING PRESSURE TRANSIENT 
Experimental  e v a l u a t i o n  of t h e  burner  began w i t h  t h e  d e t e r m i n a t i o n  
of t h e  minimum p o s s i b l e  free volume whi le  m a i n t a i n i n g  s t a b l e  i g n i t i o n  
and combustion. For t h i s  b u r n e r ,  t h e  minimum free volume was determined 
t o  be 7 cc ,  g i v i n g  a surface-to-volume r a t i o  of 19 .  Once t h e s e  i n i t i a l  
c o n d i t i o n s  had been e s t a b l i s h e d ,  an exper imenta l  d e t e r m i n a t i o n  of t h e  
r ise t i m e  w a s  under taken .  Even though t h e  surface-to-volume r a t i o  was 
r e l a t i v e l y  l a r g e ,  t h e  gas  e v o l u t i o n  rate c o r r e s p o n d i n g  t o  t h e  low 
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pressure  
t i m e  w a s  
p re s su re  
( t y p i c a l l y  about 100 p s i a )  was so  low t h a t  t h e  pressure  rise 
about 30 msec f o r  a t y p i c a l  p r o p e l l a n t ,  as  shown i n  t h e  upper 
trace of Fig.  38. The response t i m e  of t he  p rope l l an t  i s  on 
t h e  o rde r  of K / r 2 ,  where K i s  the  thermal d i f f u s i v i t y  of t h e  s o l i d  and 
r i s  t h e  burning rate.  Using t y p i c a l  va lues  of K = 2 . 5  x 10 
and r = 0.2 i n . / s e c ,  t h e  p rope l l an t  response t i m e  i s  seen t o  be on the  
o rde r  of 6 msec, which i s  much s h o r t e r  t han  the  30 msec rise t i m e  noted 
above. For t h i s  reason ,  t h e r e  i s  no observable  overshoot i n  t h e  p r e s s u r e ;  
t h e  propel lan t  burning r a t e  simply fo l lows  the  pressure  rise i n  a quas i -  
s teady  way. 
-4 
in.’/sec 
To overcome t h i s  problem, it w a s  decided t o  i n c r e a s e  t h e  rate of 
p re s su re  rise by augmenting t h e  p rope l l an t  source with an e x t e r n a l  gas 
genera tor  i n  t h e  form of a powder charge.  A s q u i b - i n i t i a t e d  double-base 
powder, having combustion products  t h a t  are s imi l a r  t o  those  of t he  
main propel lan t  charge ,  w a s  s e l e c t e d  because of i t s  s h o r t  response t i m e .  
The charge w a s  i n i t i a t e d  i n  a small c a v i t y  i s o l a t e d  from the  main chamber 
by a b ras s  diaphragm ( see  Fig.  37) .  The diaphragm ruptured  and allowed 
t h e  gases t o  flow i n t o  the  main chamber. (A schematic of t h e  c o n t r o l  
instrumentat ion i s  shown i n  Fig.  39 . )  C a r e  w a s  taken t o  b a f f l e  t h e  gases  
and des t roy  t h e  shock wave c rea t ed  by t h e  diaphragm rup tu r ing .  The rise 
t i m e  of t h e  pu lse  w a s  measured t o  be 0.5 msec. The amplitude and t h e  
du ra t ion  of t h e  pulse  were dependent upon charge weight ,  d i f f e r e n t i a l  
p re s su re  across  t h e  diaphragm, combustion chamber f r e e  volume, i n i t i a l  
p re s su re ,  and high p res su re  nozzle  s i ze .  The pulse  amplitude could be 
approximately ad jus t ed  by vary ing  t h e  charge weight ; however, t h e  du ra t ion  
w a s  dependent p r imar i ly  upon t h e  small nozzle  s i z e  which w a s  determined 
by t h e  s teady-s ta te  p rope l l an t  burning rate a t  t h e  f i n a l  p re s su re .  
Tests w e r e  conducted on PU-174 p rope l l an t  u s i n g  v a r i a t i o n s  i n  the  
pu l se  amplitude. The r e s u l t s  of t hese  tests are shown i n  t h e  lower two 
traces of Fig.  38. The response c h a r a c t e r i s t i c s  appear  t o  be r e l a t i v e l y  
independent of pu lse  ampli tude.  Note t h a t  t h e  i n i t i a l  p ressure  rise i s  
r a p i d  enough t o  induce a d e f i n i t e  t r a n s i e n t  burn ing  rate response which 
man i fe s t s  i t se l f  as an  overshoot i n  the  p re s su re  t race.  * 
* 
These experimental  s t u d i e s  a r e  be ing  cont inued under t h e  follow-on 
program, Contract  N o .  NAS 1-7349. 
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VERTICAL SCALE 
600 psi/cm 
HORIZONTAL SCALE 
I 0 m sec /cm 
NO PULSE 
VERTICAL SCALE 
300 psi/cm 
HORIZONTAL SCALE 
5 msec/cm 
0.25 GRAM PULSE 
VERTICAL SCALE 
300 psi /cm 
HORIZONTAL SCALE 
5 msec /cm 
0.55 GRAM PULSE 
FIG. 38 CHAMBER PRESSURE RESPONSE WITH AND WITHOUT 
AN EXTERNAL PULSE 
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PULSE 
UNIT 
MAGNETIC TAPE INPUTS 
I PRESSURE - T I  ME ANALOG 
2 PROBE EVENT MARKER 
3 PULSE EVENT MARKER m-wr7-57 
FIG. 39 SCHEMATIC OF BURNER INSTRUMENTATION AND 
CONTROL SYSTEM 
76 
CONCLUSION 
The d i f f e r e n t i a l  thermal  ana lys i s  measurements c a r r i e d  out  under 
t h i s  program leave l i t t l e  doubt t h a t  s i g n i f i c a n t  chemical r e a c t i o n s ,  
a p a r t  from p y r o l y s i s ,  occur  i n  t h e  gas-sol id  i n t e r f a c i a l  zone of burning 
s o l i d  p r o p e l l a n t s .  I t  i s  a l s o  reasonably c e r t a i n  t h a t  t h e  r e l a t i v e  
importance of these surface-coupled r e a c t i o n s  d i f f e r  w i t h  p rope l l an t  
composi t ion,  and i n  p a r t i c u l a r  with t h e  choice of o x i d i z e r .  For example, 
ammonium pe rch lo ra t e  p r o p e l l a n t s  e x h i b i t  about three t i m e s  t h e  propor t ion  
of surface-coupled hea t  release as  potassium pe rch lo ra t e  p rope l l an t s .  
An a n a l y s i s  of t h e  combustion model, which h a s  been s p e c i f i c a l l y  
developed t o  account f o r  surface-coupled exothermic or endothermic 
r e a c t i o n s ,  shows tha t  a r e l a t i v e l y  small propor t ion  of surface-coupled 
hea t  release has a profound e f f e c t  on t h e  amplitude of the  pressure-  
coupled response.  Combustion i n s t a b i l i t y  s t u d i e s ,  c a r r i e d  out  under 
ano the r  c o n t r a c t  ,' have shown ammonium pe rch lo ra t e  p r o p e l l a n t s  t o  be 
much less s t a b l e  than  potassium perchlora te  p r o p e l l a n t s ,  a fact  t h a t  
i s  a t t r i b u t e d  t o  t h e  g r e a t e r  surface-coupled heat release of t h e  former.  
Thus, t h e  d i f f e r e n t i a l  thermal ana lys i s  measurements, t h e  i n s t a b i l i t y  
measurements, and t h e  t h e o r e t i c a l  a n a l y s i s  a l l  support  one ano the r ;  i n  
f a c t ,  t h e  l i n e a r i z e d  s t a b i l i t y  a n a l y s i s  i s  able t o  p r e d i c t  such parameters 
a s  t h e  frequency of a t r a v e l i n g  wave i n ~ t a b i l i t y . ~  
Depressur iza t ion  l ead ing  t o  e x t i n c t i o n  i s ,  by i t s  very  n a t u r e ,  a 
h igh ly  nonl inear  phenomena. Depressur iza t ion  s t u d i e s  c a r r i e d  out  du r ing  
t h i s  program showed t h e  d i f f i c u l t y  involved i n  a s s e s s i n g  t h e  effects  
of such p rope l l an t  parameters  as the  propor t ion  of surface-coupled 
hea t  release from pressure-time records  of t h e  event .  I n  l i e u  of t h i s  
assessment ,  one must r e l y  upon the p r e d i c t i o n s  of t h e  model t o  c l a s s i f y  
t he  e x t i n c t i o n  characterist ics of  f ami l i e s  of p r o p e l l a n t s .  Before t h e  
model can be s o  used a s  a working t o o l ,  i t s  v a l i d i t y  i n  nonl inear  
regimes of p re s su re  change must be e s t a b l i s h e d  by a s u i t a b l e  non l inea r  
experiment .  Theref o r e ,  t h e  nonl inear  p r e s s u r i z a t i o n  experiments descr ibed  
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above were under taken .  When a s o l i d  f o u n d a t i o n  h a s  been l a i d  f o r  t h e  
v a l i d i t y  of t h e  combustion model i n  t h e  n o n l i n e a r  regime,  a n  impor tan t  
tool w i l l  b e  a v a i l a b l e  f o r  t h e  s t u d y  of t h e  many s u b t l e t i e s  i n h e r e n t  
i n  t h e  e x t i n c t i o n  process .  
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APPENDIX A 
THEORETICAL COMBUSTION MODEL FOR 
TRANSIENT BURNING OF A SOLID PROPELLANT 
i 
The m a t h e m a t i c a l  f o r m u l a t i o n  of t h e  SRI combust ion  model ,  a s  i t  
h a s  been  p r e s e n t e d  ear l ier ,  p 6  7” i s  summarized below.  
The c h i e f  a s s u m p t i o n s  made i n  t h e  a n a l y s i s  are  t h e  f o l l o w i n g :  
( a )  t h e  gas -phase  r e a c t i o n s  can  be  r e p r e s e n t e d  i n  terms of a s i n g l e  
r e a c t i o n  of a r b i t r a r y  o r d e r  t h a t  obeys A r r h e n i u s  k i n e t i c s  and r e s p o n d s  
i n s t a n t a n e o u s l y  t o  p r e s s u r e  and  t e m p e r a t u r e  d i s t u r b a n c e s  ( i  . e .  , t i m e -  
dependen t  terms are o m i t t e d  i n  t h e  gas-phase e q u a t i o n s ) ;  ( b )  t h e  
L e w i s  number is u n i t y  i n  t h e  g a s  phase ;  ( c )  s u r f a c e  p y r o l y s i s  and s u r f a c e -  
c o u p l e d  e x o t h e r m i c  or endo the rmic  r e a c t  i o n s  f o l l o w  A r r h e n i u s  l a w s  ; and 
(d )  t h e  s o l i d  phase  i s  e s s e n t i a l l y  homogeneous w i t h  t empera tu re -  
i ndependen t  t r a n s p o r t  p r o p e r t i e s .  For t y p i c a l  p r o p e l l a n t s ,  a s sumpt ion  
(a )  i s  v a l i d  for  chamber o s c i l l a t i o n s  a t  f r e q u e n c i e s  of  a few thousand 
c p s  or less. Most of t h e  a c o u s t i c  i n s t a b i l i t y  problems of  g r e a t e s t  
i n t e r e s t  f a l l  w i t h i n  t h i s  reg ime.  
As ( b )  i m p l i e s ,  t h e  p y r o l y s i s  and s u r f a c e - c o u p l e d  r e a c t i o n s  are  
assumed t o  o c c u r  i n  a s u r f a c e  l a y e r  of n e g l i g i b l e  t h i c k n e s s  r e l a t i v e  
t o  t h e  p e n e t r a t i o n  d e p t h  of t h e  t e m p e r a t u r e  p r o f i l e .  I t  is d i f f i c u l t  
t o  e v a l u a t e  t h e  q u a n t i t a t i v e  e f f e c t  of a s sumpt ions  ( b ) ,  ( c ) ,  and ( d ) .  
However, i t  i s  i m p o r t a n t  t o  remember t h a t  a l l  a n a l y s e s  o f  t h i s  k i n d  
u n a v o i d a b l y  r e l y  on a h i g h l y  s i m p l i f i e d  p i c t u r e  of t h e  complex com- 
b u s t i o n  p r o c e s s .  Wi th in  t h i s  contex t ,  t h e s e  a s sumpt ions  are f u l l y  j u s t -  
i f i e d  a n d  even  n e c e s s a r y ,  because  they  p e r m i t  a s i m p l i f i e d  ma themat i ca l  
f o r m u l a t i o n  t h a t  i s  c o n s i s t e n t  w i t h  t h e  u n d e r l y i n g  c o n c e p t s .  
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The f o r m u l a t i o n  b e g i n s  w i t h  t h e  e q u a t i o n  g o v e r n i n g  h e a t  c o n d u c t i o n  
i n  t h e  s o l i d  phase  beyond t h e  s u r f a c e  r e a c t i o n  zone : 
aT 8T a2 T 
Z F  -= r ( t )  - + K a t  ax 
The p r o p e l l a n t  p y r o l y s i s  a t  t h e  w a l l  i s  assumed t o  f o l l o w  a n  A r r h e n i u s  
law,so t h a t  t h e  b u r n i n g  rate i s  r e l a t e d  t o  w a l l  t e m p e r a t u r e  as  fol lows:  
- E / R T ~  
r = a e  (-42) 
The f o l l o w i n g  boundary c o n d i t i o n  i s  imposed upon t h e  t e m p e r a t u r e :  
x - m ;  T - T o  (A3) 
The r ema in ing  boundary c o n d i t i o n  i s  o b t a i n e d  th rough  a n  e n e r g y - f l u x  
b a l a n c e  a t  t h e  g a s - s o l i d  i n t e r f a c e .  The n e t  h e a t  conduc ted  i n t o  t h e  
u n r e a c t e d  s o l i d  p r o p e l l a n t  from t h e  i n t e r f a c e  a t  t h e  p l a n e  x = 0 is 
-k = 
The f i r s t  t e r m  on  t h e  r i gh t -hand 
- ps rh  + p r h  + Q, + Q, s s  gW W 
s i d e  of t h e  e q u a l i t y  s i g n  r e p r e s e n t s  
t h e  ene rgy  coming from t h e  g a s  p h a s e ;  t h e  s e c o n d ,  t h e  e n e r g y  c a r r i e d  
i n t o  t h e  gas w i t h  t h e  v a p o r i z i n g  p r o p e l l a n t ;  t h e  t h i r d ,  t h e  ene rgy  
c a r r i e d  by c o n v e c t i o n  f rom t h e  u n r e a c t e d  s o l i d  phase  i n t o  t h e  i n t e r f a c e ;  
t h e  f o u r t h ,  t h e  e n e r g y  r e l e a s e d  ( p o s i t i v e )  i n  s u r f a c e - c o u p l e d  h e t e r o g e n -  
e o u s  decompos i t ion  r e a c t i o n s  whose r e a c t i o n  ra tes  depend upon t h e  
local gas-phase d e n s i t y ;  and  t h e  l a s t ,  t h e  ene rgy  r e l e a s e d  i n  s o l i d -  
phase  s u r f a c e  r e a c t i o n s  w i t h  ra tes  t h a t  are independen t  of gas-phase  
c o n d i t i o n s .  I t  i s  p o s s i b l e  t o  rewrite t h i s  e x p r e s s i o n  as  fol lows:"5 
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Denison and B a ~ m ~ ~ h a v e  obtained a s o l u t i o n  t o  t h e  gas-phase con- 
s e r v a t i o n  e q u a t i o n s  by assuming t h a t  t h e  complex gaseous r e a c t i o n  pro- 
cess can be r e p r e s e n t e d  by a s i n g l e - s t e p  r e a c t i o n  of o r d e r  n ,  where i n  
some cases n may n o t  be a n  i n t e g e r .  The p r e s e n t  a n a l y s i s  r e t a i n s  t h e i r  
gas-phase s o l u t i o n ,  which y i e l d s  t h e  f o l l o w i n g  e x p r e s s i o n  for t h e  h e a t  f l u x  
from t h e  gas phase t o  the  w a l l :  
T h i s  s o l u t i o n  a l s o  re la tes  t h e  i n s t a n t a n e o u s  f l o w  of t h e  r e a c t a n t  i n t o  t h e  
gaseous r e a c t i o n  zone ,  p s r ,  t o  t h e  i n s t a n t a n e o u s  gas-phase r e a c t i o n  
r a t e  s o  t h a t :  
The above d e r i v a t i o n  assumes t h a t  t h e  su r face -coup led  r e a c t i o n s  
o c c u r  i n  a t h i n  z o n e , s o  t h a t  t h e  surface h e a t  release a c t s  as  a bound- 
a r y  c o n d i t i o n  on t h e  s o l i d  phase.  T o  d e r i v e  a s u i t a b l e  k i n e t i c s  d e s c r i p -  
t i o n ,  t h e  s o l i d  p r o p e l l a n t  can be thought of as  c o n t a i n i n g  p o s s i b l e  r e a c -  
t i o n  s i tes  such t h a t  
p rX = number of s i tes  which 
undergo react i o n  p e r  
u n i t  a r e a  of r e a c t i o n  
zone per u n i t  t i m e  
S 
where x i s  t h e  number of s i tes  t h a t  undergo r e a c t i o n  p e r  u n i t  mass of 
material .  The he te rogeneous  hea t  r e l e a s e  can now be expres sed  i n  terms 
of t h e  above e x p r e s s i o n  and a n  Arrhenius  l a w  a s  
-EH/RTw 
fo r  a p r e s s u r e - s e n s i t i v e  r e a c t i o n .  The pa rame te r  X h a s  been abso rbed  
i n  H t h e  h e a t - r e l e a s e  per u n i t  mass. Note t h a t  H may depend upon H’ H 
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t h e  t h i c k n e s s  of  t h e  s u r f a c e  r e a c t i o n  zone (which is r e l a t e d  t o  p r) 
and upon t h e  s p e c i f i c  c h a r a c t e r  of t h e  p y r o l y s i s  p r o c e s s  (which is 
a l s o  r e l a t e d  u l t i m a t e l y  t o  p r ) .  For example,  one might choose t o  
w r i t e  t h e  above k i n e t i c s  e x p r e s s i o n  w i t h  ( p  r) ' ,  i n s t e a d  of p r .  Then 
t h e  exponent y would become a n  unknown and somewhat i n d i r e c t  measure 
of t h e  e x t e n t  of s u r f a c e  r e a c t i o n s  r e l a t i v e  t o  gas-phase r e a c t i o n s .  
However, such a m o d i f i c a t i o n  does n o t  s i g n i f i c a n t l y  a l t e r  t h e  c o n c l u s i o n s  
drawn from t h e  a n a l y s i s .  T h e r e f o r e ,  u n t i l  t h e r e  emerges a more d e t a i l e d  
u n d e r s t a n d i n g  of the  mechanism, any f u r t h e r  c o m p l i c a t i o n s  of t h i s  type 
probably are unwarranted and have n o t  been c o n s i d e r e d .  
S 
S 
S S 
Except for t h e i r  independence of p r e s s u r e ,  t h e  o t h e r  s u r f a c e  r e a c t i o n s  
f o l l o w  a s imi la r  l a w :  
-ED/RTW 
QD = P,'% e 
Equa t ions  A 5 ,  A 6 ,  A s ,  and A9 can be combined t o  o b t a i n :  
I (A101 -E / ' R T ~  D + H  e D 
Equat ions A l ,  A2, and A7, w i t h  the  boundary c o n d i t i o n s  of Eqs.  A 3  
and A 1 0 ,  complete the  mathematical  r e p r e s e n t a t i o n  of t h e  combustion model 
i n  t e r m s  of t h e  dependent v a r i a b l e s  T 
l i n e a r  c h a r a c t e r  of t h e s e  e q u a t i o n s ,  a closed-form s o l u t i o n  canno t  gener- 
a l l y  be ob ta ined .  
Tw, and r .  Owing t o  t h e  non- f '  
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A l i n e a r i z e d  a n a l y s i s  may be obta ined  by assuming t h a t  each dependent 
v a r i a b l e ,  as w e l l  a s  t h e  p r e s s u r e ,  is t h e  sum of a s t e a d y  and a p e r t u r b e d  
component : 
T~ = T f ( l  + Tf) 
= T (1 + N Tw) 
*w w 
r = F(1 + N r )  ( A l l )  
N 
where,  f o r  example, p i s  t h e  r a t i o  Cp(t) - PI/; << 1. 
t h e s e  e x p r e s s i o n s  i n t o  E q s .  A l ,  A 2 ,  A 3 ,  A 7 ,  and A 1 0  and r e t a i n i n g  only  
f i r s t - o r d e r  t e r m s  i n  t h e  p e r t u r b e d  q u a n t i t i e s ,  one can o b t a i n  a set  of 
l i n e a r  e q u a t i o n s .  The s o l u t i o n  t o  t h e s e  e q u a t i o n s  g i v e s  t h e  f i r s t - o r d e r  
response  of t h e  combustion mechanism t o  a p e r t u r b a t i o n  i n  t h e  chamber 
p r e s s u r e  . 
By i n t r o d u c i n g  
83 
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APPENDIX B 
SIGNIFICANCE OF THE IMPOSED PRESSURE GRADIENT I N  COMBUSTION TERMINATION 
Termination of the  combustion process w i l l  u l t i m a t e l y  occur i f  t h e  
p re s su re  excurs ion  r e s u l t s  i n  the  chamber pressure  f a l l i n g  t o  ze ro ,  
r e g a r d l e s s  of the  p re s su re  grad ien t  i n i t i a l l y  introduced.  However, the  
ra te  a t  which the  e x t i n c t i o n  occurs ,  ( i . e . ,  t he  t i m e  r equ i r ed  f o r  t h e  
burn ing  ra te  t o  drop t o  zero)  i s  c lose ly  coupled t o  the  t r a n s i e n t  
response of t h e  combustion mechanism and t h e r e f o r e  t o  t h e  pressure  
g rad ien t .  In  p r a c t i c e ,  f o r  so l id-propel lan t  combusti on t o  t e rmina te ,  
i t  i s  necessary t h a t  t he  minimum poss ib le  l a g  i n  t h e  response of t h e  
burn ing  r a t e  t o  a chamber pressure  decay be achieved.  In  an a c t u a l  motor, 
t h e  chamber pressure  i n i t i a l l y  drops,  then rises aga in  a s  a r e s u l t  of 
t h e  f i n i t e  chamber volume and nozzle  t h r o a t  area. If t h e  response of 
t h e  combustion mechanism is  slow, r e i g n i t i o n  may occur as  t h e  pressure  
starts t o  r ise .  
To examine the  r o l e  of t h e  pressure geadient i n  combustion e x t i n c t i o n ,  
i t  i s  i n s t r u c t i v e  t o  develop an approximate a n a l y s i s  of t he  combustion 
model presented i n  Appendix A .  I n  so doing,  t he  mathematical complexity 
of t h e  problem can be g r e a t l y  reduced, f a c i l i t a t i n g  a phys ica l  i n t e r -  
p r e t a t i o n  of t he  r e s u l t s .  With t h i s  o b j e c t i v e  i n  mind, l e t  u s  i n t e g r a t e  
E q .  A 1  over x t o  ob ta in :  
a - sm (T - % ) d x  = - r(Tw - TO) - K (2)  
W a t  0 
(A1 2 1 
To eva lua te  t h e  i n t e g r a l ,  which represents  e s s e n t i a l l y  the  t o t a l  energy 
s t o r e d  i n  t h e  g r a i n  a t  any i n s t a n t ,  i t  is  convenient t o  cons ider  a 
s t eady- s t a t e  temperature p r o f i l e ,  
- r x h  
T - TO = (Tw - % ) e  (A131 
85 
A s  r a p i d  changes appear  i n  t h e  heat  f l u x ,  t h e  temperature p r o f i l e  shape 
w i l l  r e f l e c t  the  corresponding s m a l l  changes i n  su r face  temperature much 
more r ead i ly  than  i t  w i l l  respond t o  t h e  much l a r g e r  simultaneous changes 
i n  burning rate. Thus, f o r  purposes of t he  approximate a n a l y s i s ,  dT/dr 
w i l l  be neglected.  Then Eq. A12 becomes: 
I t  is  worth d i g r e s s i n g  b r i e f l y  t o  note  t h a t  t h e  assumptions l ead ing  
from Eq. A 1 2  t o  A14 do not  reduce t h e  present  a n a l y s i s  t o  a quas i -  
s teady  treatment comparable t o  earlier ana lyses  by others . ’  ,” 
t h e  surface temperature  has  been allowed t o  vary and t h e  primary t r a n s i e n t  
i n  t h e  temperature p r o f i l e  has been considered.  Moreover, the  poss ib l e  
s h i f t  i n  r e l a t i v e  importance of s o l i d -  and gas-phase react ions  under 
t r a n s i e n t  cond i t ions  i s  accounted f o r  i n  the  present  approach, as  no 
empir ica l  burning ra te  l a w  i s  used. 
Here, 
Equations A l l  may now be s u b s t i t u t e d  i n t o  Eqs. A2, A7, A10, and 
- 
A14, and t e r m s  of equal  order  c o l l e c t e d .  Terms of t h e  o rde r  of p 
(or T f ,  Tw, F) comprise t h e  unperturbed equa t ions ,  while those  of t h e  
o r d e r  of < form t h e  l i n e a r i z e d  mathematical  d e s c r i p t i o n  of t h e  response 
t o  pressure pe r tu rba t ions .  
- - 
Combustion Without Pressure  Disturbances 
The equat ions  for undis turbed  burning of t h e  s o l i d  propel lan t  a r e :  
W 
- -E/RT 
r = ae 
- n/2 - n/2+1 - E ~ / R T ~  
r = C ~ I  e Tf 
E: -E$R?~  -E,,/ RT, 
e (A171 
r C (Tf-To> HH K dTw 
r S S S S -2 d t  c 
+ -  e W L  P - - = - - - -  
C 
S 
C C C 
W 
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These equat ions  are non l inea r ,  and i n  gene ra l ,  expect  by numerical 
methods, no s o l u t i o n  t o  them can be obtained.  Such a s o l u t i o n ,  i f  ob- 
t a i n e d  , would descr ibe  the  "normal" behavior  of t h e  combustion process ,  
i . e . ,  t h e  behavior  i n  the  absence of d i s tu rbances  caused, f o r  example, 
by a c o u s t i c a l  i n t e r a c t i o n s  i n  the  chamber. The s t eady- s t a t e  s o l u t i o n  
(dT / d t  = 0) would correspond, wi th in  t h e  l i m i t a t i o n  of t h e  model, t o  
t h e  behavior  u sua l ly  descr ibed  i n  terms of an  empir ica l  l a w  such a s  
r = b p .  
W 
n 
The Fi rs t -Order  Resnonse t o  Pressure Pe r tu rba t  i ons  
The f i r s t - o r d e r  response of t he  combustion model t o  p re s su re  t r a n s i e n t s  
is  obtained by c o l l e c t i n g  terms of the o rde r  of r a t i o s  of per turbed 
and T C o e f f i c i e n t s  i n  t o  unperturbed q u a n t i t i e s ,  i . e . ,  p ,  r ,  Tw, 
t h e s e  equat ions  may be s i m p l i f i e d  by appropr i a t e  s u b s t i t u t i o n s  from 
E q s .  A 1 5  ,, A16 , and A17. A f t e r  considerable  a l g e b r a i c  manipulat ion,  
one o b t a i n s  t h e  fo l lowing  s e t  of l i n e a r  equat ions :  
N N -  N 
f' 
where 
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where : 
- E $ R T ~  - E ~ / R T  W 
e 8 = -  " e (iw[; e D = -  HD 
C T  c ? ;  
H 
s w  s w  
These equat ions  can be combined t o  ob ta in  the  fo l lowing  d i f f e r e n t i a l  
N 
equat ion  for r: 
N d r  - -  ~ l r  = ~c 
d t  
where 
The chamber-pressure decay in t roduced  w i t h i n  the  por t  of a s o l i d  
rocke t  t o  te rmina te  combustion t y p i c a l l y  has  t h e  form: 
- 1. ( A 2 4 1  N - B t  p = e  
N 
(Note tha t  a t  t = 0, dp/dt = -B or  dp/dt = - P i . )  
approximate i n i t i a l  response of t h e  burn ing  ra te  t o  t h i s  p ressure  decay 
i s :  
From E q .  A 2 1 ,  t h e  
A c r i t e r i o n  f o r  minimizing t h e  p r o p e l l a n t  response l a g  t i m e  when 
under  t h e  f n f l u e n c e  of a p r e s s u r e  decay i s  o b t a i n e d  b y  examining t h e  
second d e r i v a t i v e  of E q .  A 2 5 . l  
may be i d e n t i f i e d  as r", t h e  f a s t e r  t h e  b u r n i n g - r a t e  d e r i v a t i v e  becomes 
more n e g a t i v e  w i t h  i n c r e a s i n g  t i m e .  T h i s  c h a r a c t e r i s t i c  i s  i l l u s t r a t e d  
s c h e m a t i c a l l y  i n  F ig .  40,  which shows b u r n i n g  rate v e r s u s  t i m e ,  a f t e r  
The more n e g a t i v e  t h i s  d e r i v a t i v e ,  which 
N N 
a p r e s s u r e  decay i s  imposed, f o r  t h r e e  cases: r" 0 ,  I'" = 0 ,  and - 7 1  r < 0. 
I t  i s  clear t h a t  p r o p e l l a n t  ext inguishment  w i l l  be enhanced by making 
r" as n e g a t i v e  as p o s s i b l e .  
N 
The second d e r i v a t i v e  of E q .  A 2 5  i s :  
Note t h a t  t h e  second t e r m  on t h e  r ight-hand s i d e  i s  a l w a y s  n e g a t i v e ,  
as d e s i r e d ,  bu t  t h e  f irst  term can  be e i t h e r  p o s i t i v e  or n e g a t i v e .  
S p e c i f i c a l l y ,  a t  t = 0 t h e  f i r s t  t e r m  i s  n e g a t i v e  only  i f  B" > C12. 
Thus, t h e  maximum n e g a t i v i t y  i n  r", and t h e r e f o r e  t h e  most f a v o r a b l e  
c o n d i t i o n  f o r  combustion ex t inguishment ,  i s  achieved  i f  B > C1 . 
N 
I ?"< 0 
t 
T I - 5 4 5 8  - 3 5  
FIG.40 TIME DEPENDENCE OF BURNING RATE 
DER I VAT IVE 
89 
In  summary, t h e  approximate a n a l y s i s  of t h e  combustion model 
d e f i n e s  two c r i t e r i a  for e x t i n c t i o n  of s o l i d  p rope l l an t  combustion: 
(1) t o  prevent uns t ab le  combustion as a r e s u l t  of p re s su re  d i s tu rbances ,  
i t  i s  required t h a t  C1 < 0 ;  and (2) t o  ensu re  minimum l a g  i n  t h e  
burning-rate  response of t h e  combustion mechanism t o  an imposed nega- 
t i v e  pressure pu l se ,  i t  i s  r equ i r ed  t h a t  @ > C1 . 
APPENDIX C 
COMBUSTION INSTABILITY: AN ANALYTICAL 
DESCRIPTION O F  THE RESPONSE FUNCTION 
The role of t h e  s o l i d  p r o p e l l a n t  combustion p r o c e s s  i n  de te rmining  
t h e  s t a b i l i t y  of t h e  r o c k e t  chamber can be d e f i n e d  i n  terms of t h e  
a c o u s t i c  admi t tance  of t h e  burn ing  surface,  which depends d i r e c t l y  on 
the response  f u n c t i o n ,  i . e . ,  t h e  r a t i o  of t h e  burn ing  ra te  p e r t u r b a t i o n  
t o  t h e  p r e s s u r e  p e r t u r b a t i o n .  Both t h e o r e t i c a l  and exper imenta l  inves-  
t i g a t i o n s  of combustion i n s t a b i l i t y  g e n e r a l l y  c h a r a c t e r i z e  t h e  p r o p e l l a n t  
i n  terms of t h e  response f u n c t i o n ,  and t h e  combustion model developed 
i n  Appendix A h a s  been ana lyzed  t o  determine what i t  p r e d i c t s  for t h i s  
response  parameter .  
T h i s  a n a l y s i s  w a s  accomplished by performing a mathematical  t r a n s -  
format ion  of a n  ea r l i e r  t r e a t m e n t  by Denison and Baun?' 
a p p l i c a b l e  t o  t h e  model of Appendix A .  D e t a i l s  of t h i s  a n a l y s i s  have 
appeared  i n  t h e  open l i t e r a t u r e " ,  l9 a s  w e l l  a s  i n  r e p o r t s ?  
o n l y  a condensed summary w i l l  be presented  h e r e .  
t o  make i t  
s o  t h a t  
By modifying t h e  parameters  D and B d e f i n e d  by Denison and Baum13= 
i t  i s  p o s s i b l e  t o  g e n e r a l i z e  t h e  a n a l y s i s  made by t h e s e  i n v e s t i g a t o r s .  
T h e i r  mathematical  s o l u t i o n  d e s c r i b e s  t h e  behavior  of t h e  combustion 
model formula ted  above when i t  is expressed  i n  terms of t h e  f o l l o w i n g  
t r a n s  f orma t i on : 
where : 
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1 c ' f  C Y =  P f  
0 c (T, - T ~ )  
S 
ED 
'D 
g S = (E! - -  m) eH  + -
RTW RFW, 
e x p  (-E /R? = - D w QT 
W 
HD g = -  
C T  s w  
(A31 
The s u b s c r i p t  z e r o  on C Y ,  B ,  and A d e n o t e s  t h e  v a l u e ,  a s  d e f i n e d  by 
Denison and Baum, f o r  zero surface-coupled h e a t  release.  I t  is  a l s o  
convenient  t o  d e f i n e  a n  o v e r a l l ,  s t e a d y - s t a t e  p r e s s u r e  exponent f o r  t h e  
p r o p e l l a n t ,  V ,  i n  terms of t h e  u s u a l  e m p i r i c a l  b u r n i n g  rate formula ,  
r = c p  . I t  f o l l o w s  t h a t :  
35 
V - 
CY - n + meHT /(Tw - To) 
0 2  W 
v =  CY - e / A  
0 S 
Note t h a t  when t h e r e  a r e  no  sur face-coupled  r e a c t i o n s ,  8 s H  = 8 = 0 ,  
and t h e  a n a l y s i s  reduces  t o  t h a t  of Denison and Baum, i n  which case 
t h e  pressure  exponent V = n/2 ( n  b e i n g  t h e  o r d e r  of t h e  gas-phase 
react i o n ) .  
36 
I t  can be shown t h a t  t h e  parameter  8 i s  roughly  p r o p o r t i o n a l  t o  
t h e  f r a c t i o n  of t h e  t o t a l  h e a t  r e l e a s e  t h a t  o c c u r s  i n  sur face-coupled  
r e a c t i o n s .  The r e l a t i o n s h i p  between 8 and t h e  f r a c t i o n  r e l e a s e d  i n  
S 
H 
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su r face  r e a c t i o n s  wi th  pressure-dependent k i n e t i c s  ( e  .g .  , heterogeneous 
r e a c t i o n s )  is  ind ica t ed  by Eq. A30, and t h a t  between eD and t h e  pressure-  
independent sur face  r e a c t i o n s  (e .  g. decomposition) appears  i n  Eq. A 3 1 .  
The t r a n s i e n t  behavior  of t h e  present  combustion model i s  e a s i l y  
obta ined  from Denison and Baum's so lu t ion  by u s i n g  the  t ransformat ion  
given i n  Eq. A27. The fo l lowing  r e s u l t s  are obtained.  
A given p rope l l an t  may be charac te r ized  i n  terms of t h r e e  parameters :  
A ,  which relates t o  the  su r face  decomposition k i n e t i c s ;  C Y ,  which re la tes  
t o  t h e  gas-phase k i n e t i c s ;  and 8 which re la tes  t o  the  d i s t r i b u t i o n  
of hea t  release between surface-coupled and gas-phase r e a c t i o n s .  Re la t ive  
S I  
t o  t he  behavior with no surface-coupled r e a c t i o n s  (8 = O ) ,  a negat ive  
8 extends  t h e  range of A and of CY f o r  which t h e  p rope l l an t  i s  i n h e r e n t l y  
s t a b l e  i n  the  "se l f -exc i ted"  mode; 
A s  Eq. A29 shows, t h e  s i g n  of 8 i s  determined by t h e  r e l a t i v e  magnitudes 
of E$", m ,  and ED/RTwJ as  w e l l  a s  by t h e  s i g n s  of 8 
are p o s i t i v e  for exothermic r eac t ions ,  nega t ive  f o r  endothermic r e a c t i o n s ) .  
S 
S 
36 a p o s i t i v e  8 reduces t h i s  range. 
S 
S 
and 8 
H D (which 
Of course ,  a l l  p r a c t i c a l  p rope l l an t s  must have a s t a b l e  s e l f - e x c i t e d  
mode, a l though some may be c l o s e r  t o  the  uns t ab le  l i m i t  than  o t h e r s ,  
depending on t h e i r  s p e c i f i c  va lues  of A ,  C Y ,  and e S .  The s t a b l e  zone 
i s  descr ibed  by t h e  r e l a t i o n :  
q2 - q - 2 A < O  (A331 
where 
c y O )  
q = 1 + 8  + A ( 1 -  
S 
Thus, only va lues  of A ,  C Y ,  and 8 t h a t  s a t i s f y  Eq. A33 are of p r a c t i c a l  
importance.  
S 
The "steady o s c i l l a t o r y ' '  mode corresponds t o  t h e  response of a 
p r o p e l l a n t ,  whose parameters s a t i s f y  t h e  i n e q u a l i t y  of Eq. A33 , t o  
p re s su re  p e r t u r b a t i o n s .  This  response may be represented  i n  terms of 
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N N  
normalized (by t h e  pressure  index V )  a c o u s t i c  response f u n c t i o n ,  m/vp. 
The real p a r t  of t h e  complex response func t ion  i s  of g r e a t e r  p r a c t i c a l  
s i g n i f i c a n c e ,  because i t  is  t h e  component of t h e  mass p e r t u r b a t i o n  
which i s  i n  phase with the  p re s su re  p e r t u r b a t i o n  t h a t  tends  t o  d r i v e  
the  o s c i l l a t i o n s .  The a n a l y s i s  shows t h a t  t h e  resonance ampli tudes 
of t h e  r e a l  p a r t  and of t he  complex response func t ion  are almost equal  
when t h e  l a t te r  is less than about 10. Re la t ive  t o  t h e  case  where su r face  
r e a c t i o n s  a r e  absent  (8 = O), an  i n c r e a s e  i n  8 ( p o s i t i v e  8 ) i n c r e a s e s  
t h e  amplitude of t h e  response f u n c t i o n ;  a decrease  (nega t ive  8 ) reduces 
t h e  amplitude,  i . e . ,  t ends  t o  s t a b i l i z e  t h e  p r o p e l l a n t .  
S S S 
S 
A s  h a s  been expla ined  i n  the  Theore t i ca l  S tud ie s  s e c t i o n  of t h i s  
r e p o r t ,  a composite p rope l l an t  gene ra l ly  corresponds E 
ED > 0 ,  whereas f o r  a double-base p r o p e l l a n t ,  EH = E 
r e l a t i v e l y  minor except ion  noted above) .  
surface-coupled r e a c t i o n s  (8 
from Eq. A29 t h a t  8 > 0 f o r  composite p r o p e l l a n t s ,  whereas 8 < 0 
(un le s s  E $RTw > m owing t o  molecular mixing) f o r  double-base p r o p e l l a n t s .  
I t  fol lows t h a t  exothermic surface-coupled r e a c t i o n s  tend t o  d e s t a b i l i z e  
composite p r o p e l l a n t s  (by inc reas ing  t h e  response ampl i tude) ,  while  
they tend t o  s t a b i l i z e  double-base p r o p e l l a n t s .  Th i s  remarkable t h e o r e t i c a l  
conclusion i s  c o n s i s t e n t  wi th  the experimental  observation’ t h a t  t h e  
s t a b l e  burning regimes of composite and double-base p r o p e l l a n t s  are 
reversed .  The e f f e c t  of surface-coupled r e a c t i o n s ,  t he re f  o r e ,  may 
e x p l a i n  t h i s  s u r p r i s i n g  observa t ion .  
> 0 and/or H 
= 0 (with t h e  
When t h e r e  are exothermic 
> 0, BD > 01, f o r  example, it fo l lows  
D 
H 
S S 
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APPENDIX D 
MODIFIED COMBUSTION MODEL 
To duct t he  n l i n e a r  ana lys i s  r equ i r ed  t o  proper ly  examine 
combustion e x t i n c t i o n  behavior ,  a s i m p l e  but  important modi f ica t ion  has  
been introduced i n t o  the  combustion model descr ibed  i n  Appendix A .  The 
fo l lowing  d i scuss ion  e x p l a i n s  the  concepts under ly ing  t h i s  modi f ica t ion .  
P red ic t ed  S teads-Sta te  Behavior of the Flame T e m m r a t u r e  
Unlike many o t h e r  combustion models , l f  the  model summarized i n  
Appendix A p r e d i c t s  t h a t  t h e  gas-phase flame t e m p e r a t u r e  w i l l  i nc rease  
as  t h e  burning ra te  rises, even i n  s teady-s ta te  combustion. This  
behavior  i s  a consequence of t h e  surface-coupled r e a c t i o n  k i n e t i c s  e m -  
ployed i n  the  model, a s  w i l l  become evident  from a c a r e f u l  examination 
of Eq. A34. (This  equa t ion ,  which i s  a boundary cond i t ion ,  is  der ived  
i n  Appendix A and appears  t h e r e  a s  Eq. A10.) 
- L - c (Tf - To) + cS(Tw - To) +(E) W = P s r  [cr W Qr P 
-ED’RTw 1 -E$RT W + HD e (A341 
I n  s t eady- s t a t e  combustion, the  ne t  heat f l u x  i n t o  t h e  unreacted s o l i d  
p rope l l an t  i s  equa l  t o  the  energy required t o  cond i t ion  the  propel lan t  
f o r  sur face  p y r o l y s i s ;  i . e . ,  -k(aT/ax) 
s t eady- s t a t e  l i m i t ,  Eq. A34 becomes a simple express ion  f o r  t he  gas- 
phase flame temperature  i n  terms of t h e  t o t a l  hea t  r e l e a s e  i n  the  com- 
bus t ion  process:  
= p rc  (T -To). Thus, i n  t h e  
W s s w  
-E RTw - E ~ / R T  
W 
c (T -T = P rCc Q + H~ + H e  - LI (A351 
€I! 
D s r r  
W 
P f O  
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The first t e r m  w i t h i n  t h e  b r a c k e t s  of Eq. A 3 5  r e p r e s e n t s  t h e  h e a t  release 
a s s o c i a t e d  w i t h  combustion i n  t h e  gas-phase f l a m e ;  t h e  next  two terms 
d e s c r i b e ,  r e s p e c t i v e l y ,  p r e s s u r e - s e n s i t i v e  (he te rogeneous)  and p r e s s u r e -  
i n s e n s i t i v e  e n e r g e t i c  surface-coupled react i o n s  ; t h e  l as t  t e r m  r e p r e s e n t  s 
t h e  l a t e n t  h e a t  of phase change or decomposi t ion n e a r  t h e  burn ing  s u r f a c e .  
A s  t h e  burning rate i n c r e a s e s ,  so does T ( s e e  Eq. A2 o f  Appendix A). 
Thus,  t h e  magnitude of t h e  sur face-coupled  h e a t  release i n c r e a s e s  w i t h  
t h e  burning r a t e ,  and i t  f o l l o w s  from Eq. A 3 5  t h a t  T rises a s  w e l l .  
For a reasonable  c h o i c e  of parameters  such as E and ED, a l a r g e  change 
i n  pressure  (and t h e r e f o r e  b u r n i n g  r a t e )  may l e a d  t o  a g r e a t e r  i n c r e a s e  
i n  T than i s  normally encountered  w i t h  a c t u a l  p r o p e l l a n t s .  (Composite 
p r o p e l l a n t s  t y p i c a l l y  e x h i b i t  a modest i n c r e a s e  i n  flame tempera ture  
wi th  p r e s s u r e  u p  t o  about  200 p s i ,  a f t e r  which Tf i s  almost  c o n s t a n t .  
Double-base p r o p e l l a n t s  o f t e n  have a somewhat g r e a t e r  dependence of 
flame temperature  on p r e s s u r e  i n  s t e a d y - s t a t e  combustion. ) 
W 
f 
H 
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The p r e d i c t e d  behavior  of T sugges ted  t h a t  a m o d i f i c a t i o n  of t h e  
model was i n  o r d e r ,  because t h e  a c c u r a c y  wi th  which t h e  model p r e d i c t s  
t h e  s t e a d y - s t a t e  behavior  of a l l  dependent v a r i a b l e s  could  be regarded  
as  a l e g i t i m a t e  t e s t  of i t s  a p p l i c a b i l i t y  t o  nonsteady phenomena. I n  
g e n e r a l ,  t h e  model, i n  t h e  form summarized i n  Appendix A would n o t  y i e l d  
t h e  e x a c t  s t e a d y - s t a t e  b e h a v i o r  of  flame tempera ture  v e r s u s .  p r e s s u r e  
f o r  a given p r o p e l l a n t  u n l e s s  c e r t a i n  r e s t r i c t i o n s  were imposed on t h e  
numerical  v a l u e s  a s s i g n e d  t o  k i n e t i c s  parameters  such a s  E and E 
T h i s  s i t u a t i o n  is  n o t  e n t i r e l y  s a t i s f a c t o r y ,  because t h e  flame tempera ture  
i s  a c t u a l l y  a p u r e l y  thermodynamic q u a n t i t y ,  determined p r i m a r i l y  by 
t h e  h e a t  of r e a c t i o n  of t h e  p r o p e l l a n t ;  i t  i s  q u i t e  independent  of t h e  
reaction k i n e t i c s .  
f lame temperature"  c a l c u l a t i o n ,  i n  which t h e  p r o p e l l a n t  composi t ion and 
h e a t s  of r e a c t i o n  a p p e a r  b u t  n o t  t h e  k i n e t i c s  parameters." '  
f 
D '  H 
(Note t h a t  T i s  normally o b t a i n e d  from a n  " a d i a b a t i c  f 
To i d e n f i y  t h e  source  of t h i s  a p p a r e n t  anomaly i n  t h e  combustion 
model, i t  i s  worthwhile t o  re-examine t h e  t h e o r e t i c a l  d e s c r i p t i o n  of 
gas-phase and sur face-coupled  hea t  release i n  t h e  combust i o n  p r o c e s s .  
A b r i e f  s tudy of t h e  s t e a d y - s t a t e  combustion mechanism w i l l  r e v e a l  t h e  
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minor b u t  p o t e n t i a l l y  important  c o r r e c t i o n  t h a t  w a s  i n t r o d u c e d  i n t o  
t h e  model t o  overcome t h e  d i f f i c u l t y  descr ibed  above,  and i t  w i l l  a l s o  
c l a r i f y  t h e  p h y s i c a l  b a s i s  f o r  t h e  s u r f a c e  k i n e t i c s  t r e a t m e n t  t h a t  
earlier’, ’ lo, “ w a s  shown t o  b e  t h e  most impor tan t  f e a t u r e  of t h e  model. 
T h e o r e t i c a l  Descr iDt ion  of the  D i s t r i b u t i o n  of H e a t  Re lease  i n  S o l i d  
P r o p e l l a n t  Combustion 
The s o l i d  p r o p e l l a n t  combustion mechanism is  i l l u s t r a t e d  i n  F i g .  41. 
I t  i s  convenient  t o  e n v i s i o n  t h e  p r o p e l l a n t  a s  moving a t  a n e g a t i v e  
v e l o c i t y ,  e q u a l  t o  t h e  b u r n i n g  r a t e ,  toward t h e  s u r f a c e  zone (x = 0 )  
where p y r o l y s i s  o c c u r s ;  t h e  p y r o l y s i s  p r o d u c t s  t h e n  proceed i n t o  t h e  
gas  phase ,  where f u r t h e r  r e a c t i o n s  complete t h e  combustion and t h e  f i n a l  
flame tempera ture  T i s  achieved .  During t h i s  p r o c e s s ,  t h e  t o t a l  h e a t  
release per u n i t  a r e a  of  p r o p e l l a n t  s u r f a c e ,  and p e r  t i m e ,  i s  p s r Q ,  
where Q i s  t h e  t o t a l  h e a t  of combustion of t h e  p r o p e l l a n t .  O f  t h i s  
t o t a l ,  a p o r t i o n ,  P rQ, i s  released w i t h i n  a r e l a t i v e l y  narrow p y r o l y s i s  
r e g i o n  n e a r  t h e  s u r f a c e  of t h e  s o l i d ;  i . e . ,  Qs i s  t h e  h e a t  of decomposi- 
t i o n  of t h e  p r o p e l l a n t .  
f 
S 
I n  a t y p i c a l  ammonium p e r c h l o r a t e  composite p r o p e l l a n t ,  f o r  example,  
Q would be e s s e n t i a l l y  t h e  h e a t  o f  decomposition of ammonium p e r c h l o r a t e .  
The p y r o l y s i s  p r o d u c t s  t h e n  i n i t i a t e  a complex sequence of r e a c t i o n s  , 
which o c c u r s  i n  a zone e x t e n d i n g  from t h e  p r o p e l l a n t  s u r f a c e  i n t o  t h e  
g a s  phase for whatever  d i s t a n c e  i s  r e q u i r e d  t o  complete combustion. 
The t h i c k n e s s  of t h e  gas-phase flame zone depends on both the  t o t a l  
mass f l u x ,  p r ,  and t h e  k i n e t i c s  of t h e  r e a c t i o n s  w i t h i n  t h i s  zone. 
For example, a s  t h e  p r e s s u r e  i n c r e a s e s ,  t h e  l o c a l  r e a c t a n t  c o n c e n t r a t i o n  
rises, c a u s i n g  a n  i n c r e a s e  i n  t h e  l o c a l  r e a c t i o n  rates. Thus, a t  h i g h e r  
p r e s s u r e s ,  t h e  r e a c t i o n s  a r e  accomplished more r a p i d l y  and t h e  flame 
zone i s  t h i n n e r .  
S 
S 
To e x p r e s s  t h e  t o t a l  h e a t  r e l e a s e  i n  t h e  combustion process  i n  
terms of t h a t  a s s o c i a t e d  w i t h  each of t h e  c o n s t i t u e n t  r e a c t i o n s ,  i t  is 
convenient  t o  d e f i n e  a parameter  c ,  which i s  e s s e n t i a l l y  a measure of 
t h e  “completeness“ of combustion. S p e c i f i c a l l y ,  t h e  c o n c e n t r a t i o n  
of r e a c t a n t s  e n t e r i n g  any g i v e n  r e a c t i o n  p lane  i n  t h e  flame zone, such 
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x = - u  
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FIG. 41 SIMPLIFIED MODEL OF THE DISTRIBUTION OF HEAT RELEASE 
IN THE SOLID PROPELLANT COMBUSTION PROCESS 
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as  x = -XI ,  i s  p s r [ l  - €(a)]. 
because t h e  flow a t  t h a t  po in t  c o n s i s t s  almost e n t i r e l y  of p y r o l y s i s  
products  t h a t  are a v a i l a b l e  f o r  f u r t h e r  r e a c t i o n s .  A s  t h e  d i s t ance  
from t h e  propel lan t  su r f ace  grows larger, i n c r e a s e s ,  s ince  more and 
more combustion products  are present  and t h e  concent ra t  i on  of p o t e n t i a l  
r e a c t a n t s  i s  less. The p o s i t i o n  a t  which € = 1 marks t h e  edge of t he  
flame zone; i . e . ,  when € = 1, t h e r e  are  no more r e a c t a n t s ,  combustion 
i s  complete,  and t h e  flame temperature has  been achieved.  
A t  the gas-so l id  i n t e r f a c e ,  << 1, 
T h i s  v i s u a l i z a t i o n  of t h e  combustion process  l e a d s  t o  t h e  fol lowing 
r e l a t i v e l y  simple express ion  f o r  t h e  t o t a l  hea t  release per  u n i t  time 
and su r face  area: 
-E (XI /RT(X) 
P s r Q  = P s r Q s  + p r r-m H(x) c1  - € ( x ) l  e dx ( A 3 6 )  
s o  
A s  w a s  noted above, the  concent ra t ion  f a c t o r ,  c ,  i s  a func t ion  of x, 
changing from nea r ly  ze ro  a t  the  propel lan t  su r f ace  t o  u n i t y  a t  t h e  
edge of  t he  flame zone. In a d d i t i o n ,  t h e  l o c a l  hea t  of r e a c t i o n ,  H ,  
t h e  l o c a l  a c t i v a t i o n  energy ,  E ,  and the  temperature ,  T ,  vary with x. 
A l l  of t h e s e  v a r i a b l e s  depend on the s p e c i f i c  sequence of r e a c t i o n s  
involved i n  t h e  process ;  a t  any given p o s i t i o n  XI , t h e  q u a n t i t i e s  H and 
E c h a r a c t e r i z e  t h e  p a r t i c u l a r  r eac t ion  occur r ing  a t  t h a t  p o i n t ,  whereas 
€ and T r e f l e c t  t h e  h i s t o r y  of r eac t ions  c l o s e r  t o  t h e  su r f ace .  To 
perform t h e  i n t e g r a t i o n  of Eq. A36, i t  would be necessary  t o  assume a 
s p e c i f i c  r e a c t i o n  sequence and solve t h e  conserva t ion  equa t ions  t o  
determine t h e  concen t r a t ion  and temperature p r o f i l e s .  This  would be a 
formidable  t a s k ,  ha rd ly  j u s t i f i a b l e  or even poss ib l e  because of t h e  
gene ra l  l ack  of in format ion  ava i l ab le  about r e a c t i o n s  i n  t h e  flame zone. 
Never the less  , Eq. A36 sugges t s  some i n t e r e s t i n g  and u s e f u l  concepts  f o r  
t h e  combustion model. 
F i r s t ,  note t h a t  Eq. A 3 6  expresses  t h e  t o t a l  hea t  release i n  terms 
of t h e  c o n s t i t u e n t  r e a c t i o n s  i n  e i t h e r  s t eady  or nonsteady combustion. 
Second, note  t h a t  as  t h e  general  temperature l e v e l  rises, a s  when t h e  
burning ra te  or pressure  i n c r e a s e s ,  t h e  i n t e g r a l  i s  completed over a 
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s h o r t e r  d i s t a n c e ;  i . e . ,  t h e  f lame zone i s  t h i n n e r .  A l t e r n a t i v e l y ,  as 
t h e  temperature i n c r e a s e s ,  a g r e a t e r  f r a c t i o n  of t h e  t o t a l  h e a t  r e l e a s e  
o c c u r s  w i t h i n  a n  a r b i t r a r i l y  narrow zone of t h i c k n e s s ]  (T ( s e e  F i g .  411, 
n e a r  t h e  s u r f a c e .  This  o b s e r v a t i o n  i s  impor tan t  i n  nonsteady combust ion,  
because t h o s e  r e a c t i o n s  n e a r  t h e  s u r f a c e  w i l l  be "sur face-coupled ,  " 
o r  governed p r i m a r i l y  by t h e  r e l a t i v e l y  slow thermal  response of t h e  
s o l i d ,  whereas t h o s e  f a r t h e r  ou t  i n  t h e  f lame zone w i l l  f o l l o w  t h e  
much f a s t e r  thermal response of t h e  gas .  I t  is  t h i s  aspect t h a t  l e d  
t o  t h e  unique k i n e t i c s  d e s c r i p t i o n  of sur face-coupled  r e a c t i o n s  employed 
i n  t h e  SRI t h e o r y  'I J l e  a s  w i l l  be demonstrated below. 
Modif ica t ion  of t h e  Combustion Model 
I n  p r i n c i p l e ,  t h e  combustion model d e s c r i b e d  i n  Appendix A should  
contain t h e  r igh t -hand s i d e  of E q .  A36 i n  p l a c e  of t h e  f i r s t  and t h e  
l a s t  two terms of E q .  A 1 0  which r e p r e s e n t s  t h e  gas-phase and t h e  s u r f a c e -  
coupled heat  release,  r e s p e c t i v e l y .  However, i n  t h i s  form, t h e  combustion 
model would almost e x c l u d e  t h e  p o s s i b i l i t y  of r e a s o n a b l e  mathematical  
a n a l y s i s ,  a s  was e x p l a i n e d  i n  connec t ion  w i t h  E q .  A 3 6 .  T h e r e f o r e ,  i t  
was necessary  t o  i n t r o d u c e  a major s i m p l i f i c a t i o n  w h i l e  r e t a i n i n g  those  
f e a t u r e s  of E q .  A36 t h a t  a r e  of major importance i n  both s t e a d y  and 
nonsteady combustion. T h i s  s i m p l i f i c a t i o n  w a s  accomplished by d i v i d i n g  
t h e  f l a m e  zone i n t o  two r e g i o n s :  one r e l a t i v e l y  t h i n  zone a d j a c e n t  t o  
t h e  p r o p e l l a n t  s u r f a c e  ( e . g . ,  t h e  zone of t h i c k n e s s  0 i n  F ig .  41) and 
t h e  o t h e r  occupying t h e  remainder  of t h e  flame zone. R e a c t i o n s  i n  t h e  
first zone occur  p r a c t i c a l l y  a t  t h e  s u r f a c e  t e m p e r a t u r e ]  Twl and i n  
nonsteady combust i o n ,  t h e  tempera ture  p r o f i l e  i n  t h i s  r e g i o n  t e n d s  t o  
be i n  phase with T i . e . ,  i t  i s  dominated by t h e  thermal  response of 
t h e  s o l i d  phase. This  zone of sur face-coupled  r e a c t i o n s  i s  c h a r a c t e r i z e d  
by t h e  fact  t h a t  
phase r e a c t i o n s ,  or t h o s e  t h a t  f o l l o w  t h e  f a s t e r  thermal  response  of t h e  
g a s  phase.  With t h i s  approach]  E q .  A37 t a k e s  t h e  f o l l o w i n g  much 
s i m p l e r  form: 
W '  
<< 1. The o t h e r  zone encompasses t h e  " t r u e "  gas- 
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-E/RT 
+ P  r H e  
S ( A 3 7 )  
A comparison of Eq. A 3 7  w i t h  Eq. A 3 4  shows t h a t  t h e  l as t  term of Eq. A 3 7  
r e p r e s e n t s  t h e  surface-coupled h e a t  release ; t h i s  t e r m  h a s  been s e p a r a t e d  
i n t o  t w o  p a r t s  i n  t h e  combustion model: one d e s c r i b i n g  p r e s s u r e -  
s e n s i t i v e  or heterogeneous r e a c t i o n s ,  and  t h e  o t h e r  t h o s e  t h a t  are 
p r e s s u r e  i n s e n s i t i v e .  The bracke ted  q u a n t i t y  i n  Eq. A 3 6  i s  c l e a r l y  
i d e n t i f i e d  wi th  Q i n  Eq.  A 3 4 .  r 
T h i s  comparison r e v e a l s  t h e  m o d i f i c a t i o n  t h a t  w a s  in t roduced  i n t o  
I n  t h e  model,  Qr was t h e  model for  a p p l i c a t i o n  t o  n o n l i n e a r  b e h a v i o r .  
t r e a t e d  as  a c o n s t a n t ,  whereas Eq. A 3 7  shows t h a t  i t  may vary .  The way 
i t  v a r i e s  f o r  a given p r o p e l l a n t  i s  determined by t h e  behavior  of t h e  
t o t a l  h e a t  of r e a c t i o n ,  Q ,  which can be determined from thermochemical 
c a l c u l a t i o n s .  ( I n  f a c t  , knowing t h e  dependence of Q on p r e s s u r e  i n  
s t e a d y  combustion i s  e q u i v a l e n t  t o  knowing t h e  b e h a v i o r  of t h e  f lame 
t e m p e r a t u r e ,  Tf . )  
i n  Eq. A 3 7 ,  Q r ,  which cor responds  t o  t h e  q u a n t i t y  i n  b r a c k e t s ,  i s  a l so  
known. Thus,  fo r  large e x c u r s i o n s  i n  t h e  p r e s s u r e  or b u r n i n g  r a t e ,  
Qr should  be t r e a t e d  as  a v a r i a b l e  such t h a t  i n  t h e  s t e a d y - s t a t e  l i m i t ,  
t h e  dependence of t h e  flame temperature  on t h e  p r e s s u r e  i s  a s  p r e d i c t e d  
by thermochemical c a l c u l a t i o n s .  Note t h a t  t h i s  method of e n s u r i n g  a 
correct flame tempera ture  behavior  i n  t h e  model i n v o l v e s  only  t h e  h e a t s  
of r e a c t i o n  and i s  comple te ly  independent of t h e  k i n e t i c s  parameters  , 
such a s  E and E I n  t h i s  way, t h e  o b j e c t i o n  r a i s e d  e a r l i e r  i n  t h i s  
I f  Q is  known, then  f o r  any va lue  o f  t h e  l a s t  t e r m  
H D' 
appendix , concern ing  
I t  can be shown 
a c o n s t a n t  Q i n  Eq. r 
p o s s i b l e  t o  s i m p l i f y  
t h e  p r e d i c t e d  flame tempera ture  
t h a t  t h e  i n f l u e n c e  of a v a r y i n g  
A 3 4 ,  i s  a second-order e f f e c t .  
behavior  i s  overcome. 
Qr , re la t ive  t o  
T h e r e f o r e ,  i t  was 
t h e  t r e a t m e n t  by u s i n g  t h e  assumption Q = c o n s t a n t  r 
f o r  l i n e a r i z e d  a n a l y s e s  such a s  t h o s e  i n  Appendices B and C .  However, 
101 
fo r  a n o n l i n e a r  a n a l y s i s  t h e  modif ied combustion model w i t h  t h e  v a r i a b l e  
Qr i s  needed. 
s t e a d y - s t a t e  combustion, a b r i e f  commentary on t h e  method of modifying 
t h e  model for a nonsteady a n a l y s i s  f o l l o w s .  
Inasmuch as  t h e  f o r e g o i n g  d i s c u s s i o n  h a s  c e n t e r e d  on 
I n  g e n e r a l ,  a s  t h e  b u r n i n g  rate and s u r f a c e  tempera ture  r ise,  t h e  
amount of sur face-coupled  h e a t  release i n c r e a s e s .  Normally,  t h e  t o t a l  
h e a t  r e l e a s e  i n c r e a s e s  t o o  , but  only s l i g h t l y .  
d e c r e a s e  a s  t h e  s u r f a c e  terms i n c r e a s e ,  t o  p r e s e r v e  t h e  c o r r e c t  t o t a l  
h e a t  r e l e a s e  , QT. 
t h e  burn ing  rate (see Eq. A2) i s  known. The dependence of t h e  a d i a b a t i c  
flame tempera ture ,  and t h e r e f o r e  of Q on t h e  p r e s s u r e  (or t h e  b u r n i n g  
ra te  or T ) is  known from thermochemical c a l c u l a t i o n s .  The d i f f e r e n c e  
between Q and t h e  s u r f a c e  terms i s  Q and t h e  thermochemical c a l c u -  
l a t i o n  e s t a b l i s h e s  a unique va lue  of  Q f o r  e v e r y  va lue  of T and t h e  
s u r f a c e  terms. 
T h e r e f o r e ,  Qr must 
The dependence of t h e  s u r f a c e  t e r m s  on T or on 
W 
T’ 
W 
T r ’  
r W 
I t  appears  reasonable  t o  assume t h a t  i n  nonsteady combustion , t h e  
w i l l  b e  t h e  same as  t h e  s t e a d y - s t a t e  Qr 9 h e a t  r e l e a s e  i n  t h e  g a s  phase ,  
va lue  f o r  t h e  same t o t a l  h e a t  release i n  t h e  sur face-coupled  terms. --- --
Note t h a t  t h i s  assumption does  n o t  re la te  Q t o  t h e  i n s t a n t a n e o u s  v a l u e  r -
of T or p,  b u t  t o  t h e  i n s t a n t a n e o u s  heat r e l e a s e ,  t h e r e b y  p r e s e r v i n g  
t h e  thermochemical c h a r a c t e r i s t i c s  of t h e  p r o p e l l a n t .  I n  t h e  s teady-  
s ta te  l i m i t  , t h i s  assumption r e d u c e s  t o  t h e  c o r r e c t  b e h a v i o r ,  as des- 
c r i b e d  above. 
W 
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